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EXPERIMENTAL STUDY OF NOZZLE WALL BOUNDARY 


LAYERS AT MACH NUMBERS 20 TO 47 
Joseph H. Kemp, Jr. and F. Kevin Owen 
Ames Research Center 


SUMMARY 


The nozzle wall boundary layer of the Ames M-50 helium tunnel has been thoroughly investi- 
gated using pitot pressure, total temperature, skin friction, and wall heat-transfer measurements at 
five stations covering about 85 percent of the nozzle length and with hot wire measurements at 
two stations near the nozzle exit. Data were obtained for temperature ratios varying from 0.35 to 1 
and Reynolds numbers based on momentum thickness varying from 900 to 5600. The results 
indicate that the boundary layer is turbulent with a thick viscous sublayer. Pressure gradients 
observed across the boundary layer are large relative to the static pressure but small relative to the 
dynamic pressure. 

The direct skin-friction measurements were higher than expected from empirical predictions: 
the Reynolds analogy factors 2 Cfj/Cf, however, were lower than expected. Hot-wire measurements 
indicated mass flow fluctuations as large as 80 percent of the local mean mass flow at the edge of 
the viscous sublayer with a maximum value relative to the edge mass flow of about 1 5 percent at 
y/8 = 0.8. 


INTRODUCTION 

The development of flow models and provision of test cases for hypersonic turbulent 
boundary-layer theories and prediction techniques require experimental data over the full range 
of conditions for which such theories and techniques may be used. Such data should include 
independent measurements of skin friction, wall heat transfer, and two flow property distributions 
across the boundary layer (usually pitot pressure and stagnation temperature). 

Although more than 50 studies of hypersonic boundary layers have been reported, it is still 
difficult to make satisfactory tests of theories and prediction techniques because researchers have not 
measured all four quantities listed above except in the studies reported in references 1 through 4. 
Furthermore, the data are even more limited at the higher hypersonic Mach numbers where density 
ratios across the boundary layer become very large. For example, the only published data above 
Mach number 1 5 appear to be those presented in references 4 through 8. 

The present investigation was undertaken to augment available data by providing data on 
turbulent boundary layers with very high edge Mach numbers. The data include direct measure- 
ments of skin friction, wall heat-transfer rates, and mean and fluctuating measurements across the 



boundary layer. The data obtained on the nozzle wall of the Ames M-50 helium tunnel cover a 
broad range of test conditions with measurements at five stations covering 85 percent of the nozzle 
length, wall temperature ratios varying from 0.35 to 1, and Reynolds numbers based on momentum 
thickness varying from 900 to 5600. The boundary layer thickness varied from 2.4 cm to 29 cm, 
and the nozzle exit radius was 36 cm. 


EXPERIMENTAL PROCEDURES 


Facility 

Tests were conducted on the nozzle wall of the Ames M-50 helium tunnel, which is a blow- 
down tunnel with an axisymmetric contoured nozzel and an open test section (ref. 9). It uses 
helium (heated by an electrical resistance heater) as a test gas and operates at nominal exit Mach 
numbers of 42 to 47 for test times up to 20 min. 

Figure 1 shows the five survey stations where pitot pressure, total temperature, and wall 
temperature were measured, together with the ten wall pressure stations. Wall heat transfer and 
skin friction were measured at the last four survey stations; the hot-wire surveys were made at the 
last two survey stations. The tunnel was operated at reservoir pressures ranging from 65 to 272 atm 
and total temperatures from 300° to 900° K. 


Pressure Measurements 

Primary pitot pressure surveys between x = 1.067 m and 3.56 m were obtained by traversing a 
single 0.476-cm-dia probe through the boundary layers. In addition a 0.1 59-cm-dia probe was used 
to check the effects of probe diameter on measured pitot pressure at these stations and to obtain 
survey data at x = 0.508 m. 

Pressures were measured by a capacitance type transducer system similar to one described in 
reference 10. With this system, one transducer provides accurate readings over the full pressure 
range encountered in the boundary layer (0.004 to 0.14 atm). Errors in pressure resulting from 
nonlinearity and temperature effects on the transducer sensitivity were less than ±1 percent of the 
measured value. Additional errors due to variations in reference pressures were less than 4 percent 
of the minimum pressure measured. 

No corrections were made for the various rarefaction effects on the pressure measurements. 
However, the possible variations attributable to these effects are summarized as follows. The effects 
of thermal transpiration errors due to temperature variations along the tube connecting the orifice 
and the transducer are negligible (refs. 11,12). Errors in wall pressure resulting from orifice effects 
due to heat transfer to the wall are less than 3 percent (ref. 13). Errors due to viscous interaction and 
rarefaction effects on the pitot pressure measurements are less than 4 percent for the outer region of 
the boundary layer (ref. 14). Near the wall, these effects may introduce larger errors; however, the 
the conclusions of this report do not depend on these data. 
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Stagnation Temperature Measurements 

Stagnation temperatures were measured with a single shielded thermocouple probe (fig. 2) 
designed specifically to have low conduction losses at very low density flow conditions. 

The probe was calibrated’ in the free-jet facility described in reference 15, which produced 
flows at Mach numbers ranging from 5 to 40 and flow densities comparable to those encountered in 
the boundary layer of the M-50 tunnel. 

The probe calibration is shown in figure 3 where the data are correlated over a wide range of 
temperatures and pressures. These data could not be correlated solely on the basis of conduction 
error as proposed by Winkler (ref. 16). The present correlation parameters were derived using the 
assumption that radiation losses constituted the major source of error (appendix A). 

Conduction effects probably cause some scatter in the data. Nevertheless, the correlation is 
reasonably good for a wide range of temperatures, and there is substantial agreement between data 
from the calibration in the free jet and the test points in the M-50, wjaere differences in support 
temperatures should cause significant differences in the conduction effects. 


Skin-Friction Measurements 

Skin friction was measured using a floating element, magnetically nulling balance similar to 
the one described in reference 17. At each station, the elements were contoured to the local nozzle 
surface. The balance had an accuracy of ±2 percent. 

The effects of floating element position, both above and below the surface, were investigated, 
and it was found that the measured skin friction was much less sensitive to the element position than 
has been observed previously at lower Mach numbers (refs. 18-20). Indeed, the indicated skin 
friction increased by only 10 percent when the element was raised 0.0075 cm above the surface, 
and no differences were observed when the element was recessed the same distance below the 
surface. The relative insensitivity of the data to element position is probably due to the combination 
of large boundary-layer thickness and low wall density. 


Heat-Transfer Measurements 

Wall heat transfer was determined from the steady-state heat conduction in a thin-skin gage 
contoured to the nozzle wall. The local temperatures were measured by chromel-constantan thermo- 
couples spot-welded to the thin skin at the locations shown in figure 4. 

Since the temperature variation between the center of the thin skin and the wall was small, 
relative to the driving potential, 

(Tc ~ 7V ) < o 06 

To e - Tw 
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constant heat transfer over the gage surface area was assumed. With this assumption, the equation 
governing the heat transfer in the gage is 

Qr = = nRlc l 

Solving for the temperature, one obtains 



In the present experiments, heat transfer rates corresponding to the temperature difference between 
the center and each of the other three thermocouples (fig. 4) were calculated and the results 
averaged to obtain the values presented in this paper. The individual measurements were generally 
within ±5 percent; however, in a few cases the variations were as high as ±10 percent. 

Errors due to conduction down the thermocouple wires, convection from the back of the 
gage, and radiation losses have not been accounted for in the data reduction. However, conduction 
errors were held low by using small diameter wires, d/t < 0.6. Convection losses were held down by 
evacuating the back of the gage to pressures less than or equal to the local wall pressure; and radia- 
tion errors were not large, since the temperature difference between the gage surface and the sur- 
rounding radiative media was small {T c - T w < 35° K). It is estimated that the combined error due 
to these effects is less than 5 percent. Basic instrument accuracy and the accuracy of the normaliz- 
ing quantities (p, u , T aw ) also introduce error in the heat-transfer coefficient. Consequently, the 
overall accuracy of the heat-transfer coefficient is estimated to be about ±12 percent. 


Boundary-Layer Fluctuation Measurements 

The character of the fluctuations across the boundary layer at x = 3.56 m were obtained with 
a constant temperature anemometer system, which uses a water-cooled platinum film probe similar 
to the one described in reference 21 . Water cooling permitted film operation at a temperature well 
below the free-stream total temperature. The upper frequency limit (-3dB) of the system, as deter- 
mined by a standard square-wave technique, was found to be 60 kHz. Since the boundary layer is 
approximately 29 cm thick at the survey station, this frequency response makes it possible to 
measure fluctuations with a length scale down to one-eighth the boundary layer thickness. In light 
of the work by Kistler (ref. 22), over 90 percent of the energy should be contained within this 
frequency range. Mass flow and temperature fluctuation intensities were measured at x = 2.793 m 
using a constant temperature anemometer with a 0.00063-cm-dia by 0.31 7-cm-long platinum 
10 percent iridium wire. 

A preliminary calibration of the probe was made in the free-jet facility (see ref. 15). In this 
calibration, the voltage across the wire e V v was measured for various wire temperatures T w , stream 
total temperatures T 0 , and mass flows pu. The measurements were then plotted against pu and 
T a for constant values of T w and Tq or pu. From the calibration it was found that 
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9^vv 2 \ /9^w 2 \ 

dT a ) pu, T w 3nd \dpu/T 0 ,T w 


were approximately constant for the flow conditions of the present tests. This is consistent with the 
indication that for this diameter wire the flow would be essentially free molecular. The fluctuation 
levels were obtained at a number of points through the boundary layer using a technique similar to 
that of Kistler. The wire was operated at six different over-heat values and a least-squares parabolic 
fit of the data was made to the equation 


(Ae) 2 



(A T 0 ? + 



A(p'w') 2 


+ 2 


de de 
dpu dT 0 


A(p' u')AT 0 ' 


where de/dT 0 and de/d pu were obtained from the calibration. 


RESULTS AND DISCUSSION 

Throat Reynolds Number and Possible Relaminarization Effects 

The effects of Reynolds number based on throat diameter and relaminarization due to favorable 
pressure gradient have been examined through comparisons with the work of Bach et al. (refs. 23,24). 
In figure 5 the relaminarization parameter K of Bach et al. is plotted against jc. The data presented 
are for the throat region of the nozzle only; farther downstream the data continue the trend 
established here and should be of little importance. 

Presented are the limiting cases for the present tests. For the high pressure limit ( p Q - 270 atm) 
with a throat Reynolds number of 4.8 million and a maximum value of K of about 2.6X10 6 , the 
work of Bach etal. indicates the flow should definitely be turbulent at the throat with no discernible 
effects of relaminarization. For the lower pressure limit ( p Q = 65 atm), the throat Reynolds number 
of 0.5 million is on the borderline for turbulent flow (ref. 23), and the value of K is sufficiently 
high that a significant region of relaminarization might occur (ref. 24). However, if relaminarization 
does exist, its effects are not apparent in the data farther downstream as will be seen later. 

In a hypersonic nozzle, the flow is similar to that shown in figure 6 (ref. 9). Downstream of the 
contour point there are two separate regions of flow: the boundary layer and the uniform core. In 
this situation, the density distribution is like the one most commonly associated with boundary 
layer flow - that is, the density decreases smoothly from a constant outer edge value to the wall 
value. Upstream of the contour point, however, there is a nonuniform flow region between the 
boundary layer and the uniform core. This region is one of expanding hypersonic flow with signifi- 
cant Mach number variations across it. These Mach number variations cause inviscid density varia- 
tions similar to those shown schematically in figure 7. In this situation, viscous effects act on a 
variable density inviscid flow field, rather than on the more common constant density flow field. 
The resulting density distribution is similar to that indicated by the dashed line in figure 7. 
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For nozzle flows, the inviscid density variation has not usually been considered, and the edge 
of the boundary layer has been defined as the point where density (or pitot pressure) is maximum. 
However, from figure 7, it is apparent that the maximum density can occur a significant distance 
from the point where density first deviates from the inviscid variation - that is, where viscous 
effects are first encountered. For most hypersonic nozzles, surveys are taken at or ahead of the 
contour point; thus, this variation would be typical of much of the nozzle wall data. 

In the present tests two measurements have substantiated the above model. First, total 
temperature measurements indicated the existence of temperature and velocity gradients farther 
from the wall than the maximum density point. Second, hot wire surveys indicated the existence of 
strong intermittencies in the same area. Consequently, for the present tests.the edge of the boundary 
layer was determined by using stagnation temperature, which is constant in the inviscid flow 
irrespective of variation in local Mach number. The data were plotted, a straight line was faired 
through the free-stream values, and a curve was fitted to the remaining data. The point of junc- 
ture between the straight line and the faired curve was taken as the edge of the boundary layer. 


Temperature Pressure Variations Along Nozzle 

Figure 8 shows typical temperature and pressure distributions measured on the nozzle wall 
and static pressure distributions for the outer edge of boundary layer. The static pressure was 
calculated from pitot pressure and reservoir pressure measurements assuming isentropic flow. The 
values are for nominal reservoir temperatures of 500° and 900° K. The nozzle has a hot throat, 
which is at very nearly recovery temperature during the tests. However, as can be seen, the tempera- 
ture drops off rapidly with distance down the nozzle, so that even for the higher temperature condi- 
tions the wall temperature is nearly room temperature at all survey stations. 

The reservoir temperature has no measurable effect on either the wall pressure or the free- 
stream static pressure. However, there is a marked difference between these pressures, indicating 
the existence of a pressure gradient across the boundary layer. This pressure difference appears 
to correlate with edge Mach number as shown in figure 9. Furthermore, from data of other investi- 
gations presented in figure 9, it appears that this phenomenon is not limited strictly to nozzle wall 
type flows. 

The main reason for the high pressure ratios at the higher Mach numbers in figure 9 appears to 
be the relatively low value of p e at these Mach numbers. If the pressure differences p w ~ p e are 
normalized using the edge dynamic pressure 1/2 Pe^e 2 , the resulting ratios vary from about 
IX 10“ 2 at the lower Mach numbers to about 1X1 0 — 3 at the higher Mach numbers. Thus, although 
the pressure differences at the higher Mach numbers are very large relative to the static pressure, 
they are still small relative to dynamic pressure. An order-of-magnitude analysis of the time- 
averaged Navier-Stokes equations indicates that, as in the case of lower Mach numbers, the y 
momentum is small relative to the x momentum. So from this point of view, the y momentum 
equation need not be considered in the solution of the problem. However, the large relative pres- 
sure variations result in large density variations. Since density, is involved directly in the continuity, 
x momentum, and energy equations, some way of accounting for these density variations is needed. 
Thus, it may be necessary to include the y momentum equation to properly describe the density 
variations in high Mach number flows. 
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Profile Measurements 


The measured pitot pressure and uncorrected stagnation temperature for the five survey 
stations are presented in tables 1 through 5 with a representative plot presented in figure 10. 
The probe was traversed from near the wall to the free stream and back to the wall, with data being 
obtained going both directions. As can be seen, the repeatability of the pressure data was excellent; 
however, the temperature data show some hysteresis effects particularly in the region where low 
pressures exist. Since the hysteresis is undoubtedly due to the variations in support temperature, 
fairings of the data were weighted toward the measurements made on the outward traverse at the 
lower temperature ratios near the wall, and toward measurements on the inward traverse for higher 
temperature ratios farther from the wall. This procedure gives velocity values that vary as much as 
5 percent from the value given by unweighted fairing; however, it is believed to be more accurate 
since it should minimize the effects of conduction losses into the supports. 

Also shown on the temperature curve is the wall temperature slope as determined from heat- 
transfer measurements. As can be seen, within the accuracy of the data, the slope agrees with 
measured temperature profile. However, it is apparent that accurate determinations of the heat 
transfer from the temperature data alone would be very difficult. , 


Velocity and Density Profiles 

Velocity and density profiles calculated using faired values from the pitot pressure and corrected 
stagnation temperature profiles are given in tables 6 to 10; table 1 1 is a summary of the more 
pertinent parameters associated with the data. In these tables, corrections have been made for 
real-gas effects (ref. 25). The reservoir pressure stated is that associated with the pitot pressure 
survey, and the total temperature is that associated with the temperature surveys. The viscosity law 
used in formulating some of the parameters was that of Akin (ref. 26). In some cases, there are 
differences between reservoir pressure and/or temperature for the pressure surveys and the cor- 
responding values for the temperature survey. However, it will be shown later that the cross 
coupling between temperature and pressure is small; therefore, these differences should not signifi- 
cantly alter the accuracy of the data. The calculations for tables 6 through 10 required an assump- 
tion on static pressure p. Three possible assumptions were examined: p = p w , p - p e and 
p = p w - (p w - p e ) y/f>. Figure 11 shows typical velocity and density profiles resulting from 
each of the assumptions. As can be seen, the assumption p - p e results in a value for u/u e near the 
wall that is too high. The other two assumptions, however, show little difference in either velocity 
or density ratio, thus it makes little difference which of these two assumptions are used. In this 
paper, the linear variation is used because it provides more accurate absolute values for pressure 
ratio and Mach number near the outer edge of the boundary layer. This assumption is not exact, 
but barring large excursions in p - values much larger than p w or much smaller than p e — it should 
not substantially affect the conclusions of this paper. 

From figure 1 1 , it appears that the boundary layer has a relatively thick inner region with 
linear velocity variations typical of those occurring in a viscous sublayer. In this region, the density 
is nearly constant. The outer region has small velocity variations and fairly full density profiles 
typical of profiles normally associated with a turbulent boundary layer. Furthermore, skin 
friction measurements suggest a velocity slope at the wall that is in reasonable agreement with the 
measured velocity profile. The deviation of velocity very near the wall is probably the result of either 


7 



wall-probe interference effects or rarefaction effects on the pitot probe. The data at x = 3.56 
apparently have some end effects due to the close proximity of the open test section at a* = 3.61, 
which affect the flow near the wall. Because of these effects these data are not included in the 
following discussions. 


Effects of Wall Temperature Ratio 

Stagnation temperature and pitot pressure variations across the boundary layer are shown in 
figure 12 for various wall temperature ratios T w /T 0e Differences in T w /T 0e were obtained by 
varying the free-stream total temperature. These surveys were obtained at x = 1.067 where the 
edge Mach number was sufficiently low that wall temperature ratios near unity could be obtained 
without liquefaction problems. 

For T w /To e = 0.98 there is an overshoot in the total temperature near the outer edge of the 
viscous sublayer (y/8 ~ 0.2). Farther from the wall, the temperature drops to a value lower than 
Tw(y/8 % 0.4) and then rises uniformly to T 0e at the edge of the boundary layer. The overshoot 
in total temperature is similar to that previously observed at wall temperature ratios close to unity 
and is attributed to viscous dissipation. It is of interest to note that in the present investigation these 
effects persist to much lower wall temperatures and cause some perturbation of the profile for 
values of Tw/T 0e as low as 0.535. 

Another point of interest is that in the outer region of the boundary layer there are essentially 
no significant differences in temperature or pressure profiles for a wide range of wall temperature 
ratios. 

The effect of variation in temperature on computed velocity, density, and Mach number pro- 
files is shown in figure 13. As might be expected from the variations in temperature and pressure, 
the temperature ratio affects the thickness of the viscous sublayer — the thickness increases as wall 
temperature ratio is decreased — but it has little effect on the computed values in the outer region 
of the boundary layer. 

From figure 13(c), it is apparent that most of the boundary layer is hypersonic. For the probe 
measurements, one may obtain the energy relationship 

/_m\ 2 _ M 2 { 1 + [(7 - 0/2] Mf \ To 

' Ue ' M e 2 { 1 + [(7 - l)/2] M 2 } To e 

The hypersonic approximation (M » 1 ) to this relationship gives 



From this approximation 


To ~ Tw _ (»/»g) 2 - (T w /T 0e ) 
To e ~T\v I - (T w /T 0e ) 
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Examination of this equation (referred to hereafter as the “hypersonic approximation”) reveals 
that as T w /T 0e approaches zero, the functional relationship between ( T 0 - T w )/(T 0e - T w ) and 
u/u e for the hypersonic portion of the boundary layer approaches the quadratic relationship 
recently noted by a number of investigators. However, if T w /T 0e is greater than zero the value of 
the temperature relationship will fall below the quadratic. Thus, it appears that as edge Mach 
number is increased, conditions may be encountered in the outer region of the boundary layer for 
flows on all types of bodies where the temperature-velocity relationship could vary substantially 
from the familiar Crocco (linear) relationship. Consequently, the recently observed deviation from 
a Crocco velocity-temperature relationship may not be strictly a pressure gradient phenomenon as 
has been suggested (refs. 27-28), but simply may be more evident in nozzle flows where the edge 
Mach number is generally higher and where the existence of a pressure gradient tends to augment 
the differences. Softley and Sullivan (ref. 29) have obtained data on a cone at M = 10.2 that agree 
very well with the hypersonic approximation. Furthermore the existence of hypersonic effects may 
explain why the data of Jones and Feller (ref. 27) show very little tendency to “relax” to the linear 
profile for as much as 1 00 boundary layer thicknesses downstream of the end of the nozzle. 

Figure 14 replots data for two wall temperature ratios, 0.72 and 0.36 (fig. 12), on familiar 
Crocco energy type plots. Curves are given for the Crocco relationship, a quadratic relationship, 
and the hypersonic approximation just discussed. Excellent agreement is apparent between the data 
and the hypersonic approximation in the outer region of the boundary layer. Although this region 
appears small on this type of plot, the hypersonic data cover 60 to 75 percent of the boundary- 
layer thickness. In the viscous sublayer region the temperature-velocity relationship shows marked 
differences for the two temperature ratios presented in figure 14. The relationship for the higher 
wall temperature ratio is complicated by the temperature overshoot in the sublayer. The lower wall 
temperature data show a much simpler behavior. However, in either case it is evident that the 
temperature-velocity relationship is more complex than either the Crocco or the quadratic relation- 
ship indicates. 

References 27 and 30, indicate that the velocity variation near the wall may be linear, even 
though the variation in the outer region is significantly different. The earlier discussion of the 
velocity profiles indicated that the measured u/u e may be high in the region near the wall; thus, 
it appears that the present data is in basic agreement with this indication. 


Effects of Nozzle Station 

Typical variations in velocity, density, and Mach number profiles with nozzle station are 
shown in figure 15. It is apparent that there are significant changes with nozzle station. For the 
velocity profile, the effect seems to be limited to the sublayer region, with the relative thickness of 
the sublayer increasing with distance from the nozzle throat. This increase in sublayer thickness 
is probably associated with the increase in Mach number or, more exactly, the accompanying 
decrease fin wall density (appendix B). The density and Mach number profiles show differences 
throughout the boundary layer, but most of these differences are probably associated with adjust- 
ments required to account for the changes in relative thickness in the sublayer. 
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Effects of Reservoir Pressure 


Typical variations in velocity, density and Mach number profile with reservoir pressure are 
shown in figure 16. Again, all differences seem to be associated with changes in the sublayer thick- 
ness. In this case, the sublayer is relatively thicker at lower pressures. 


Correlations of the Velocity Profile 

A correlation of the velocity profiles using measured wall density and shear stress in law-of- 
the-wall parameters is presented in figure 17. The four cases shown are typical of the results for all 
cases and represent considerable ranges in tunnel pressure, temperature, and station. It can be seen 
that in the viscous sublayer the data are in excellent agreement with incompressible correlation 
values (ref. 31). However, above y + = 10, the data do not agree with the incompressible correla- 
tion. For this region, changes in pressure and station affect the y + value at the edge of the boundary 
layer, while changes in total temperature affect the relative level of u + . 

Correlations of the present data using the transformations of Coles (ref. 32) and Van Driest 
(ref. 33) are shown in figures 18 and 19. Coles’ transformation stretches the y variable using a 
function of the density variation across the boundary layer. As can be seen, with this transformation, 
the data retain the approximate agreement with the incompressible profile in the viscous sublayer, 
while in the logarithmic region, the y variable is stretched to values comparable to those obtained 
in incompressible flows. Although this transformation seems to stretch the y + variable to proper 
proportions, it does not provide the changes in slope in the logarithmic region of the boundary 
layer required for complete agreement with incompressible data. It appears that the need for a slope 
change requires an operation on the velocity variable. Consequently, it is doubtful that other 
transformations that operate only on the y variable (refs. 34-36) will be successful in transforming 
the hypersonic turbulent boundary layer to the incompressible plane. 

The transformation of Van Driest (ref. 33), which operates only on the u, variable, appears to 
be very successful in obtaining a consistent correlation of the data (fig. 19). Two ways of applying 
the Van Driest transformation are shown in figure 19. The first uses the measured density profile 
to compute u + , while the second uses equation (54) from reference 33 to compute u + . This 
equation was obtained assuming a Crocco temperature-velocity relationship. As indicated previously, 
the Crocco relationship is somewhat different than the measured temperature-velocity relationship. 
Therefore, the substantial agreement of both curves indicates that at least for the present conditions 
this transformation is not strongly affected by the assumed temperature-velocity relationship. In 
general, the transformation provides reasonable agreement between the present data and incom- 
pressible data. However, the present data terminate at lower y + values. 

Velocity defect correlations using the Van Driest transformation on the data are shown in 
figure 20. The data below y/8 = 0.5 are in the viscous sublayer, and, as might be expected, they 
are not correlated well. In the outer region, however, where flow conditions meet the requirements 
for correlation using the velocity defect law, the data agree very well with the incompressible 
correlation, indicating that the mixing length concept may be applicable to very high Mach number 
flows. 
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From the law of the wall correlations, it appears that the viscous sublayer thickness is adjust- 
ing very rapidly to the local density changes. Consequently, the sublayer is growing with distance 
down the nozzle. However, it is possible that the high Mach number of the outer, turbulent region 
of the boundary layer may restrict the rate of growth of turbulent bursts. As a consequence, the 
relationship between the sublayer thickness and the turbulent layer thickness may be affected. It 
appears from figure 21 that if such effects occur they are correlated by variations in M e and Rq. 
Figure 21 is basically the same as figure 19 of reference 37, except that additional data from tests 
on flat plates and cylinders have been added. This figure also shows that the relationship between 
Sj^/8 and Me/s/R^, is the same for flat plates and cylinders, where there are no pressure gradient 
effects, as it is for nozzle walls where such effects may be present. This suggests that locally applied 
theories, developed for use with flat plates, which obtain their solution from Me and Rq , may 
provide reasonable agreement with values obtained on nozzle walls. 


Wall Measurements 

Measured recovery factor— The recovery factor for the present tests was determined by inter- 
mittently reading the heat-transfer rate as the reservoir temperature was slowly varied from room 
temperature to about twice room temperature and back again. The heat transfer versus temperature 
ratio was then plotted and the recovery factor taken as the temperature for which q is zero. The 
recovery factor determined by this procedure is about 0.8. This factor is somewhat lower than the 
0.9 values previously measured at lower Mach numbers (ref. 38); in fact, it is near the value for 
laminar boundary layers. The reasons for this value are not understood, but they are probably 
associated with the fact that, as discussed later, the viscous sublayer is so thick that large turbulent 
fluctuations never reach the wall. 

Skirt-friction and heat-transfer measurements— Figure 22 shows the skin-friction and heat- 
transfer variations with Rq for the different data stations. The variation with Rq for each data 
station is approximately the 1/4 power relationship normally associated with a turbulent boundary 
layer. However, there is a marked difference in level of the coefficients at the various data stations, 
primiarily because of Mach number variations as shown in figure 23, where data with Rq between 
2000 and 3500 are plotted against Mach number. It is apparent that both skin friction (fig. 23(a)) 
and heat transfer (fig. 23(b)) show variations that agree in general with trends indicated by previous 
investigations at lower Mach numbers. In figure 23(a), the skin-friction data are also compared with 
values obtained from five commonly used turbulent skin-friction prediction techniques (refs. 32, 
33, 39-41) and for reference purposes with the value predicted by the V method (ref. 42) for 
laminar boundary layers. (The program used to make these comparisons is that developed by 
Hopkins and Inouye (ref. 43).) The turbulent prediction techniques were developed at lower Mach 
numbers (up to Mach number 10) for flows with no normal pressure gradient, and in this region the 
agreement with the data is reasonable. However, at the higher Mach numbers there is a very wide 
dispersion in the predicted values with most of the predictions being much lower than the data. 
Only the Van Driest / prediction technique (ref. 33) give a value that is close to the data. This might 
be expected, since this technique also provides a good transformation of the velocity profile data 
into the incompressible plane. 

The reasons for the disagreements between data and theory are not fully understood at the 
present time; however, some of the more obvious possibilities are discussed here. First, the existence 
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of pressure gradients may introduce some disagreement between the data and the various predic- 
tions. However, there are two indications that this may not be so. The first is the close relationship 
between Rg and the relative sublayer thickness as discussed previously. The second is shown in 
figure 24 by the comparisons between data and theory. The present data and those of reference 8 
were obtained over a wide range of pressure gradients, and although both sets of data are somewhat 
higher than the predicted values, neither set shows trends associated with the variations in pressure 
gradient. Second, the actual temperature profiles differ from the Crocco profiles used in the 
theories. However, in the critical region near the wall, the temperature gradients appear to be nearly 
Crocco; therefore, the skin friction may not be strongly affected by the differences in temperature. 
Third, the transformed Rg values are somewhat lower than any Rg (fig. 24). Thus the value for 
incompressible flow at these Rg is not known directly but can be obtained only from extrapolation 
of available incompressible data; such extrapolations, of course, could be in error. 

Reynolds analogy factors 2 C^fCj determined from the measured skin friction and heat 
transfer data are shown in figure 25. It is apparent that the Reynolds analogy factors are somewhat 
below the values measured by prior investigators at lower Mach numbers. The reasons for this are 
not clear at the present time. However, there is a tendency for the Reynolds analogy factor to 
decrease at the lower Rg (fig. 25(a)) and at the higher Mach numbers (fig. 25(b)). 

Figure 26 shows the variation of Cf< C^, and 2C^/Cy with wall temperature ratio. The open 
symbols are the data as measured, and the filled symbols represent data adjusted to a constant Rg 
(equal to 3786) by means of the 1/4 power relationship between Rg and Cy and C^. It is 
apparent that all three coefficients Cy, C^j, and 2 C^/Cf vary with wall temperature with the value 
of the coefficients increasing as wall temperature ratio decreases. 


Boundary-Layer Fluctuations 

Figure 27 shows oscilloscope traces indicating the fluctuations in heat transfer to the cooled 
film probe. Of interest here is the intermittency at both the outer edge of the boundary layer and 
the edge of the viscous sublayer. The inner intermittency is similar to that reported by Corrsin 
(ref. 44) in incompressible flow and is as predominant as that at the outer edge of the boundary 
layer. The existence of this intermittency is not really surprising since such regions are common 
at turbulent boundaries. It is apparent that turbulence is being dissipated in the viscous sublayer, 
and it is unlikely that large fluctuations ever reach the wall — probably because of the large 
thickness of the sublayer. 

The magnitude of the mass flow and temperature fluctuations are shown in figures 28 and 29. 
Figure 28(a), where the mass flow fluctuations are normalized by local mean mass flow, shows a 
variation similar to that reported in reference 2. Very large amplitude fluctuations on the order of 
80 percent are observed near the edge of the viscous sublayer. (These fluctuations are sufficiently 
large that the linear assumptions used in deriving the equation for the data reduction may be 
violated. As a result, the magnitude of the fluctuations near the edge of the viscous sublayer may be 
different from those presented in this report. However, it is unlikely that the difference would be 
sufficiently large to alter the conclusions drawn from these data.) This type of plot gives the false 
impression that fluctuation amplitude is increasing as the edge of the sublayer is approached, when 
in fact there is a decrease in the amplitude as shown in figure 28(b), where the edge value of mass 
flow is used as the normalizing factor. The data show a maximum of around 15 percent at 
y/8 — 0.8 with consistent decrease from this point to the wall. Thus, the main reason for the large 


12 



relative amplitude of fluctuations is the small local mean mass flow near the edge of the viscous 
sublayer. From figure 29 it is apparent that the temperature fluctuations are nearly constant over 
the outer 70 percent of the boundary layer at a value between 1 percent and 2 percent, probably as 
a result of the very low temperature gradient throughout most of the turbulent region. 


Flow Model 

The present results suggest that a possible flow model for the origin and development of 
hypersonic turbulent boundary layers is that presented in figure 30. This model is essentially the 
same as the one presented by Maddalon and Henderson (ref. 45), except for the intermittent region 
near the outer edge of the viscous sublayer and the relative extent of each region. The main features 
incorporated into this model are: (1) breakdown to turbulence originates near the outer edge of the 
laminar boundary layer at hypersonic speeds (refs. 45-47); (2) the rate of growth of the turbulent 
bursts normal to the wall is restricted by high Mach number; (3) the viscous sublayer thickens with 
increasing Mach number due to the associated decreases in wall density; and (4) the existence of an 
intermittent region between the viscous sublayer, and the turbulent region, and at the outer edge 
of the boundary layer. 


SUMMARY OF RESULTS 

The nozzle wall boundary layer of the Ames M-50 helium tunnel has been thoroughly 
investigated with pitot pressure, total temperature, skin-friction, and wall heat-transfer measure- 
ments at five stations covering 85 percent of the nozzle length, and hot wire measurements at two 
stations near the exit of the nozzle. The resulting set of data is sufficiently complete and redundant 
that it should provide satisfactory tests of most available theories and prediction techniques. 

In general, tests results are as follows: 

1. The velocity and density profiles, the skin friction and heat transfer variations with 
Rq, and the hot-wire measurements all indicate that the boundary layer is turbulent with a thick 
viscous sublayer. 

2. The sublayer thickness, skin friction, and heat transfer vary substantially with nozzle 
position, and these variations were shown to be consistent with Mach number and Reynolds number 
trends previously observed in turbulent boundary layers at lower Mach numbers. 

3. Observed pressure differences across the boundary layer were large relative to the static 
pressure but small relative to the dynamic pressure. In connection with these pressure differences, 
it was determined that the y momentum is still small relative to the x momentum. However, the 
variations in density caused by the pressure variations may be sufficiently large to affect the 
x momentum equation, and therefore they should be considered in theories applicable to high Mach 
number flows. 

4. The temperature-velocity relationship in the outer region of the boundary layer was 
found to be accurately predicted by the hypersonic approximation obtained from a local energy 
relationship rather than either the Crocco or quadratic relationship more commonly associated 
with turbulent boundary layers. 
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5. Mass flow fluctuations were found to be as large as 80 percent of the local mean mass 
flow near the edge of the viscous sublayer with the maximum value relative to the edge mass flow 
being about 15 percent at y/5 « 0.8. 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., 94035, March 24, 1972 
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APPENDIX A 


DERIVATION OF PARAMETERS USED TO CORRELATE 
TOTAL-TEMPERATURE-PROBE CALIBRATION DATA 


If it is assumed that radiation losses are the major source of error and that the conduction 
losses can be neglected, then the relationship for determining recover factor of the probe is 



where 


* = -§ Nu w 

Furthermore, since the wire diameter is very small and the densities very low, it is reasonable to 
assume that the Nusselt number variation may be approximated by the free molecular value 
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APPENDIX B 


EFFECT OF DENSITY ON SUBLAYER THICKNESS 


To demonstrate the effect of density on the thickness of the sublayer one can take from 
the correlations in figures 17 and 19 and the definition for shear stress t w = Pw(du/dy)w 
^ [)• and arrive at the following relation for the laminar sublayer thickness 

Pw 

Sr = const 

Pw^L 

With the additional assumption uj^ (an assumption that gives only a first-order approxi- 

mation but appears to be more accurate at nigher Mach numbers), one obtains 

c P vv 

8 j = const 

Pw u e 

It becomes apparent that for constant Ue and T w , is primarily affected by the density and 
may become very large if the density is sufficiently low. Furthermore, in constant pressure and 
temperature flows the viscous sublayer will be of nearly constant thickness. 
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TABLE 1 . - MEASURED PRESSURES AND TEMPERATURES AT x = 0.508 
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TABLE 1. - MEASURED PRESSURES AND TEMPERATURES AT x = 0.508 - Continued 
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TABLE 1 . - MEASURED PRESSURES AND TEMPERATURES AT x = 0.508 - Continued 
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TABLE 1. - MEASURED PRESSURES AND TEMPERATURES AT x = 0.508 - Continued 



666060060066606 


04 co o~ — oocomootM^o^ 
P cs^^\ooooo^fnco^oooor)ro>n 
o mcwon-^o^ri^voch'ono)-; 
oi — — ' — ’ — ’ o o d o o d o d o d 




1 sb r^oorf^j-oo — ooo'inooooovotocrsoo — 00 

r° o Tj-oinroO'Oovovovoioo'C©cr\ocy\0\000 

K. [p, ^oooocNCr;^o\o>o\ 0 \o«o\cr;qa\( 7 \oqq 

doooodooooooo-oo--" 


ininvovocoooinvo-vi- — invocNOOvoo'Os^ 
— mo^t - o-vj-invor'ooovcvooosovooo' 
»nvivor^ooo\o\o\<>a\ 0 \ 0 \ 0 \ooo\ 0 \ 0 \o\ 
dodddddoddodd--oddo 


O\ 00 VOnO(N^Tt-m(N'OO\^mO'ONMDO 

rftSM-'toooooonrtaO'noO’-ONr'roin 

dodddddd^-^NNMmridnN 


tn-'von^O’t^'oma\-'tr-o\^mioo^ 

CNoooo'OroOxtr'— tj-co^vovoooov-' 

0 —>(Nrt;inr^— ir^r^ONr^iy^MOOGr^OvoroO 
dddddo^---^^r'ir'ioirinf 6 rtf 4 (N 





i I I I I I I I I I I I I I I I 
OOOOOOOOOOOOOOOO 

xxxxxxxxxxxxxxxxx 

O-rtotncKT'OGNoo-nCN^CNmn 
— o~ O' m — ro'Oioootnt^osr' 
G\ 0 \ 0 \'too^n 0 'toonri^ooo--- 




■ oo'nnoJ'onfN-' 


rinvor)^oo\t'OcooTt^nooOTO 
oor^r^oo^frtroooooOa\ror-OLn^t — 

^fvi^jjjj^ooddddddd 








m 



ro 

•<t 




■*T 

*o 

m 

in 


b 

0 

b 

b 

b 

b 

b 

b 

b 

0 

b 

b 

b 

b 

b 

b 

b 

b 

b 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

«0 

r- 

04 

VO 


VO 

00 

, — . 

<0 


0 

0 

VO 

VO 

04 

r- 

in 

CO 

CO 

CO 

04 

O 

Cv 

■vf 

Cv 

CO 

VO 

VO 


Ov 

VO 

OO 

O- 


o- 

m 

00 

vn 

G\ 

O 

O 

0- 

10 

CO 

0 

00 

co 

0 

04 

— 

CO 

O 

O' 

VO 

O 

m 

04 

oi 

CO 

CO 

04 

04 

04 

04 

— 


— 

00 

in 

CO 

04 



■vi- 

04 

~ 

On 

00 

CO 

a\ 

(N 

■vT 

O 


G\ 

o\ 

O 

Tf 

'vj- 

O 


O 


00 


O' 


CO 

VO 

04 

04 

04 

VO 

ON 


04 

04 

co 

VO 


00 

co 

av 

b 

■vf 

CO 

04 

o 

C\ 

OO 

VO 

in 

04 

— • 

O 

00 

r- 

VO 

vO 

v* 

vf 

CO 

04 

oi 

oi 

oi 

oi 








o 

d 

d 

d 

d 

d 

d 

d 


00000000 


xxxxxxxxxxxxxxxxxxx 

vO | /)~ 0 ' 000 ' 000 '-U^ , I v MOr'TtM 
oom’ifrino 4 co'vro 4 'ii-oiO'rooot^ooo 40 'G\ 
-M~'Or^(^'OvO»n-^q^C^C\oqooCjoq 
— — — oioioioioioioioi 


m 

10 

»n 

•t tT 

■a- 

Tf 

-cr 

•<r m 

m 

n 

m 

m 

C*i 

fn 

m 

rl 

r-j 

b 

b 

b 

O b 

O O 

b 

O O O O O O O 

-01 

-01 

-01 

b 

X 

X 

X 

X X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

m 

CO 

CO 

C\ O' 

O 

O' 

O' 

10-04 

0 

vn 

VO 

CO 

VO 



CO 

00 

0 

CO 

Vt 

00 

01 ov 

CO 

cv 

0 

in O' 

CO 

in 

vn 

vn 

CO 

VO 

0 

00 

VO 

— 

in 

vo 

— • 00 

O' 

00 

04 

00 — 

■Vf 

O' 

O 

CO 

O' 

00 

q 

Cv 

QO 

-i 

04 

in 

— 04 

■vT 

vO 

OO 

Cv — 

— 

— 

04 

04 

04 

oi 

CO 

oi 

04 


-ooaooOooo\Ooooor-ooM^t^-ho)\o 

-Ooocot^Vj>n-nOOr-f'JCM^(Noor r ioo 
- n rn vq r- ao c» - n ^ cr\ o (N o 

dddddd6dd---~Nririoioiri 


m O' — c\ o «o 04 — vo — r-c% — -vr rr — co co -vj- 
coincoo 4 voo'Oir^aooop'mr^ovoco — \o 

~co'vfinvoO'G\C\Oo 4 coTi;voO'Oqo 4 TOin 

odddd 666 ~----~(Nriri(N(N 
















TABLE 1. - MEASURED PRESSURES AND TEMPERATURES AT x = 0.508 - Concluded 
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TABLE 2. - MEASURED PRESSURES AND TEMPERATURES AT x 
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TABLE 2. - MEASURED PRESSURES AND TEMPERATURES AT x = 1-067 - Continued 
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TABLE 2. - MEASURED PRESSURES AND TEMPERATURES AT x = 1.067 - Continued 
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TABLE 2. - MEASURED PRESSURES AND TEMPERATURES AT x = 1.067 - Continued 
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TABLE 2. - MEASURED PRESSURES AND TEMPERATURES AT x = 1 067 - Concluded 
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TABLE 3. - MEASURED PRESSURES AND TEMPERATURES AT x = 1.625 
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TABLE 3. - MEASURED PRESSURES AND TEMPERATURES AT x = 1.625 - Continued 
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TABLE 3. - MEASURED PRESSURES AND TEMPERATURES AT x = 1.625 - Continued 
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TABLE 3. - MEASURED PRESSURES AND TEMPERATURES AT x = 1.625 - Concluded 
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TABLE 4. - MEASURED PRESSURES AND TEMPERATURES AT x = 2.793 
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TABLE 4. - MEASURED PRESSURES AND TEMPERATURES AT x = 2.793 -Continued 
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TABLE 4. - MEASURED PRESSURES AND TEMPERATURES AT x = 2.793 - Concluded 
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TABLE 5. - MEASURED PRESSURES AND TEMPERATURES AT x = 3.56 
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TABLE 5. - MEASURED PRESSURES AND TEMPERATURES AT x = 3.56 - Concluded 
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w 


= 0.520 4 = 0.00568 4 = 0.0109 R„ = 1381 

O O 0 17 


V 

Po, 

To 

u 

P 

KiSBS 

■g 

M 

6 

P o* e 

To e 

“e 

Pe 

BSSII 

■31 

Me 

1.0000 

1.0000 

■BB 

mmm 

■ ' • 

1.0000 

1.0 


0.9244 

1.0385 


maBm 

Hr?'" ■' Ms 

0.9757 

1.0 

1.0025 

0.8889 

1.0321 

— 


* fill 

0.9514 

1.0 

0.9924 

0.8000 

0.9551 

0.9777 

BS31 

0.9778 

0.9190 

1.1 

0.9385 

0.7111 

0.8141 

0.9699 

0.9834 

0.8416 

0.8907 

1.3 

0.8522 

0.6222 

0.6603. 

0.9677 

0.9808 

0.6859 

0.8826 

1.7 

0.7551 

0.5333 

0.4936 

0.9699 

0.9794 

0.5140 

0.8907 

2.3 

0.6427 

0.4444 

0.3365 

0.9792 

0.9793 

0.3502 

0.9245 

3.5 

0.5225 

0.3556 

0.1827 

1.0065 

0.9804 

0.1892 

1.0237 

6.7 

0.3789 

0.3 in 

0.0913 

1 .0103 

0.9564 

0.0988 

1.0373 

13.0 

0.2652 

0.2667 

0.0321 

0.9912 

0.8652 

0.0414 

0.9679 

31.5 

0.1543 

0.1778 

0.0076 

0.8866 

0.5769 

0.0190 

0.5879 

70.4 

0.0688 

0.0889 

0.0045 

0.7960 

0.4110 

0.0173 

0.2584 

79.5 

0.0461 

0.0000 

0.0026 

0.7249 

0.0027 

0.0154 

0.0000 

91.7 

0.0003 


Poe = 662 p 

w = 5.26 X 10- 4 p g = 3.93 X I 0- 4 T 0 = 820 T w = 397 7 V = 6. 56 



Me = 2908 M e = 19.2 p g = 2.92 X 

Re 

10‘ 3 — = 4.89 X 10 6 5 = 

m 

= 2.87 




5 * 

~=0.544 

6 

4= 0.00650 
0 

4=0.0122 

O 

R d =913 



1. 0000 

1.0000 

1 .0000 

■m 

1. 0001 

1.0000 

1.0 


0.9027 


0.9898 


1.0794 

0.9802 

1.0 

■ 

0.7965 

0.9751 

0.9798 


0.9960 

0.9608 

1.1 

■E f ■ 

0.7080 

0.8224 

0.9702 

B mM 

0.8498 

0.9424 

1.3 

0.8650 

0.6195 

0.6480 

0.9596 

Bln 

0.6790 

0.9218 

1.7 

0.7575 

0.5310 

0.4455 

0.9568 

0.9718 

0.4711 

0.9163 

2.5 

0.6197 

0.4425 

0.1963 

0.9595 

0.9599 

0.2121 

0.9215 

5.7 

0.4055 

0.3540 

0.0467 

0.9346 

0.8797 

0.0591 

0.8734 

20.9 

0.1938 

0.2655 

0.0140 

0,8549 

0.6944 

0.0268 

0.7190 

47.1 

0.1018 

0.1770 

0.0070 

0.7067 

0.5051 

0.0228 

0.4320 

56.7 

0.0675 

0.0885. 

0.0044 

0.5827 

0.3510 

0.0230 

0.1918 

57.6 

0.0465 

0.0000 

0.0025 

0.4836 

0.0075 

0.0224 

+0.0000 

60.5 

0.0010 


= 107.6 p w = 8.61 X 10' 4 P e = 5.41 X 10- 4 r 0 = 3l5 T w = 333 T e = 2.36 

Re 

u e = 1803 A/ e = 19.9 O e =l.llX 10 4 — = 2.27 X10 7 6 =2.72 


4- = 0.5 19 4=0.00430 4 = 000838 = 2662 

Odd 17 




m 

1.0000 

1.0000 

1.0000 

1.0 

1 .0000 

1 


■SK 

0.9964 

1.0486 

1.1212 

1.0 

0.9929 

Kf MB 

1.0137 

BUB 

0.9935 

1.0269 

1.2121 

1.1 

0.9620 

0.7477 

0.8733 

0.9806 

0.9891 

0.8925 

1.3333 

1.3 

0.8708 

0.6542 

0.6918 

0.9788 

0.9866 

0.7103 . 

1.3636 

1.7 

0.7567 

0.5607 

0.5034 

0.9788 

0.9838 

0.5196 

1.3636 

2.4 

0.6309 

0.4673 

0.3322 

0.9859 

0.9820 

0.3437 

1 .2424 

3.8 

0.5012 

0.3738 

0.2123 

0.9982 

0.9791 

0.2206 

1.0303 

6.3 

0.3921 

0.2804 

0.1267 

1.0282 

0.9767 

0.1318 

0.5152 

10.9 

0.2963 

0.1869 

0.0404 

1.0936 

0.9256 

0.0459 

-0.6074 

32.5 

0:1625 

0.0935 

0.0061 

1.0904 

0.5587 

0.0148 

-0.5536 

104.3 

0.0548 

0.0000 

0.0027 

1.0582 

0.0119 

0.0113 

-0.0000 

141.4 

0.0010 























TABLE 6. - COMPUTED PARAMETERS FOR X = 0.508 - Continued 



p 0e = 107.6 p w = 8.61 X 10 -4 p g = 5.09 X 1 O' 4 T 0 = 393 T w = 333 T e = 2.88 

u e = 2014 Mg = 19.9 p =8.61XI0- 3 — =].73X10 7 5 = 2.74 

c xn 

-y^= 0.505 -j-= 0.00550 -£-=0.0107 R & = 2608 

y 

Po, 

To 

u 

P 

To ~ T w 

T 

M 

6 

% 

T 0e 

u e 

Pe 

To e ~ T\ V 

Te 

M e 

1.0000 ‘ 

r.oooo 

1 .0000 . 

. 1.0000 

1.0000 

1.0000 

1.0 

1.0000 

0.9074 

1.0567 

0.9944 

0.9971 

1.0628 

0.9630 ' 

1.0 

0.9965 

0.8333 

1.0319 

0.9887 

0.9940 

1.0443 

0.9259 

1.1 

0.9618 

0.7407 

0.8936 

0.9788 

0.9882 

0.9149 

0.8611 

1.3 

0.8703 

0.6481 

0.7128 

0.9718 

0.9831 

0.7371 

0.8148 

1.7 

0.7568 

0.5556 

0.5284 

0.9689 

0.9790 

0.5506 

0.7963 

2.4 ■ 

0.6353 

0.4630 

0.3475 

0.9703 

0.9745 

0.3651 

0.8056 

3.8 

0.5028 

0.3704 

0.2163 

0.9788 

0.9694 

0.2292 

0.8611 

6.3 

0.3873 

0.2778 

0.1142 

1.0042 

0.9598 

0.1228 

1.0278 

.12.2 

0.2746 

0.1852 

0.0333 

1.0283 

0.8729 

0.0422 

1.1857 

37.1 

0.1434 

0.0926 

0.0062 

0.9380 

0.5144 

0.0177 

0.5937 

92.2 

0.0536 

0.0000 

0.0028 

0.8475 

0.0107 

0.0147 

0.0000 

115.7 

0.0010 


Po e = 1081 

p w = 8.6\ X 

10- 4 p e = 5.62 X 10- 4 To 

= 481 7\y = 339 7> = 3.66 


u e = 2227 M e =19,8 p =7.49X10' 3 — =1.42xl0 7 5 = 

e m 

-y-=0.511 -£=0.00568 -£=0.0109 =2196 

2.72 


1.0000 

1 .0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0 

1.0000 

0.9159 

1.0302 

0.9908 

0.9953 

1.0399 

0.9686 

1.0 

0.9930 

0.8411 

1.0034 

0.9850 

0.9921 

1.0192 

0.9490 

1.1 

0.9618 

0.7477 

0.8792 

0.9780 

0.9879 

0.9007 

. 0.9255 

1.3 

0.8802 

0.6542 

0.6980 , 

0.9711 

0.9828 

. 0.7222 

0.9020 

1.6 

0.7675 

0.5607 

0.5336 

0.9688 

0.9794 

0.5557 

0.8941 

2.2 

0.6572 

0.4673 

0.3792 

0.9723 

0.9771 

0.3964 

0.9059 

3.2 

0.5430 

0.3738 

0.2450 

0.9792 

0.9731 

0.2578 

0.9294 

5.2 

0.4279 

0.2804 

0.1218 

1.0013 

0.9630 

0.1303 

1 .0043 

10.6 

0.2955 

0.1869 

0.0131 

0.9858 

0.7182 

0.0231 

0.9517 

62.2 i 

0.091 1 

0.0935 

0.0043 

0.8312 

0.3949 

0.0167 

0.4274 

88.8 

0.0419 

0.0000 

0.0027 

0.7052 

0.0076 

0.0166 

0.0000 . 

92.6 

0.0008 

i 

0 Oe = 109.2 p w = 8.61 X 10' 4 p g = 5.5 \ X 10" 4 T 0 = 988 7\ v = 400 T e = 7.39 

= 3193 JW e =19.8 = 3.63 X 10' 3 — = 6.15 X 10 6 6 =2.69 

-4r-= 0.518 -|- = 0.00856 -~-=0:0161 R„ = 1420 
5 5 6 y 


1.0000 

1 .0000 

1.0000 

' 1.0000 

1.0001 

1 .0000 

1.0 

1.0000 

0.9434 

1.0375 

0.9928 

0.9963 

1.0452 

0.9879 

1.0 

1.0027 

0.8962 

1.0546 

0.9874 

0.9936 

1.0682 

0.9789 

1.0 

0.9981 

0.8491 

1.0410 

0.9822 

0.9909 

1.0602 

0.9702 

1.0 . 

0.9794 

0.7547 

0.9113 

0.9725 

0.9852 

0.9387 

0.9538 

1.2 

0.8946 

0.6604 

0.7270 

0.9621 

0.9784 

0.7590 

0.9363 

. 1.6 

0.7808 

0.5660 

0.5358 

.0.9516 • 

0.9706 

0.5682 

0.9187 

2.2 

0.6557 

0.4717 

. 0.3652 

0.9436 

0.9620 

0.3938 

0.9052 

3.3 

0.5298 

0.4245 

0.2901 

0.9352 ‘ 

0.9541 

0.3178 

0.8911 

. . 4.2 

0.4673 

. 0.3774 

0.1877 

0.9156 

0.9349 

0.2137 

0.8582 

6.4 

0.3718 

0.2830 

0.0379 . 

. 0.7906 

0.7852 

0.0597 

0.6481 

23.9 

0. 1 61 9 

0.1887 

.0.0093 

* 0.6429 

0.5206 

0.0296 

0.4001 

50.0 

0.0742 

0.0943 

0.0045 

0.5114 

0.3166 

0.0279 

0.1792 

55.0 

0.0430 

0.0000 

0.0027' 

0.4048 

0.0052 

0.0294 

0.0000 

54.1 

0.0007 , 




Po e 


199 p w = 13.4X 10- 4 p e = 9.63X10^ r 0 = 516 T w = 352 7^ = 3.80 

Re 

-u e = 2308 JW e = 20.1 p =1.24 X 10- 2 — =2.38 xl 0 7 6 = 2.44 

-11=0.494 -1=0.00577 -1=0.0112 R. = 3343 

§ 5 o u 


y 

5 

Po , 

■M| 

u 

wF 

P 

, 


mam 

M 

M e 




■a 


WEm 

1. 0000 

1. 0000 


1.0000 


1.0000 

1.0 


0.9375 

1.0313 


0.9979 


0.9865 

1.0 

1.0033 

0.8333 

0.9896 

H 3&H! 

0.9938 

1 .0020 

0.9628 

i.i 

0.9637 

0.7292 

0.8437 

0.9806 . 

0.9891 

0.8622 

0.9392 

1.3 

0.8732 

0.6250 

0.6632 

0.9720 

0.9833 

0.6856 

0.9122 

1.7 

0.7601 

0.5208 

0.4861 

0.9666 

0.9780 

0.5077 

0.8953 

2.3 

0.6393 

0.4167 

0.3333 

0.9656 

0.9730 

0.3514 

0.8919 

3.5 

0.5202 

0.3125 

0.2188 

0.9688 

0.9672 

0.2330 

0.9020 

5.5 

0.4143 

0.2083 

0.0736 

0.9864 

0.9361 

0.0829 

0.9572 

15.8 

0.2355 

0.1042 

0.0075 

0.8979 

0.5909 

0.0181 

0.6795 

74.9 

0.0683 

0.0000 

0.0023 

0.6814 

0.0048 

0.0151 

0.0000 

92.6 

0.0005 


p 0g = 199.2 Ph ,= 13.4 X 10- 4 p e = 9.73 X 10- 4 T 0e = 9A2 T w = 402 7 e = 6.94 

= 31 18 M e = 20.0 p =6.84 X 10- 3 =1.19 X 10 7 6=2.57 

-11=0.490 -1=0.00882 -1=0.0170 = 2688 

5 5 o a 



1.0000 

1.0000 

mmm 


1.0000 

1.0 

0.9988 


1.0470 

0.9831 


1.0649 

0.9706 

1.0 

1.0016 

0.7921 

0.9774 

0.9701 

■Kfl 

1.0082 

0.9479 

1.1 

0.9507 

0.6931 

0.8174 

0.9609 


0.8528 

0.9318 

1.3 

0.8546 

0.5941 

0.6296 

0.9533 

0.9733 

0.6641 

0.9186 

1.8 

0.7376 

0.4950 

0.4591 

0.9478 

0.9678 

0.4896 

0.9088 

2.5 

0.6198 

0.3960 

0.3043 

0.9438 

0.9607 

0.3290 

0.9020 

3.8 

0.4966 

0.2970 

0.1426 

0.9398 

0.9420 

0.1598 

0.8949 

8.0 

0.3342 

0.2475 

0.0652 

0.9337 

0.9045 

0.0786 

0.8843 

16.5 

0.2234 

0.1980 

0.0278 

0.9078 

0.8188 

0.0400 

0.8391 

32.9 

0.1433 

0.1485 

0.0091 

0.8207 

0.6084 

0.0217 

0.6872 

61.5 

0.0779 

0.0990 

0.0056 

0.6908 

0.4591 

0.0207 

0.4605 

65.4 

0.0570 

0.0495 

0.0037 

0.5631 

0.3109 

0.0217 

0.2375 

63.4 

0.0392 

0.0000 

0.0023 

0.4270 

0.0086 

0.0240 

0.0000 

58.0 

0.001 1 






1.0000 

0.9677 

0.9140 

0.8602 

0.7527 

0.6452 

0.5376 

0.4301 

0.3226 

0.2151 

0.1613 

0.1075 

0.0538 

0.0000 


= 270 p w = 18.1 X 10- 4 p e = 12.8 X 10* 4 


r Oe = 503 = 3 1 8 7> = 3.65 


= 2278 = 20.3 ^ = 1 .7 1 X 1 0* 2 


Re 

— ~= 3.34 X 10 7 5 

m 


2.36 


•^•=0.492 A = 0.00689 0.0134 

0 6 o 


1.0000 

1.0210 

1.0385 

1.0210 

0.8776 

0.7098 

0.5105 

0.3392 

0.2308 

0.0965 

0.0245 


1.0000 

0.9956 

0.9923 

0.9867 

0.9768 

0.9691 

0.9624 

0.9591 

0.9569 

0.9547 

0.9573 

0.9352 

0.8403 

0.6298 


1.0000 

0.9978 

0.9961 

0.9932 

0.9874 

0.9822 

0.9763 

0.9700 

0.9623 

0.9343 

0.8238 

0.5736 

0.3503 

0.0080 


1.0000 

1.0255 

1.0466 

1.0350 

0.9000 

0.7354 

0.5351 

0.3597 

0.2484 

0.1095 

0.0346 

0.0164 

0.0141 

0.0163 


Rq = 5430 


II 

1.0 


|| 

1.0 


0.9790 

1.0 

1.0012 

0.9640 

1.0 

0.9821 

0.9369 

1.2 

0.8918 

0.9159 

1.6 

0.7860 

0.8979 

2.2 

0.6538 

0.8889 

3.4 

0.5229 

0.8829 

5.2 

0.4234 

0.8769 

12.2 

0.2683 

0.8840 

39.1 

0.1318 

0.8240 

84.0 

0.0627 

0.5661 

99.1 

0.0352 

-0.0060 

86.9 

0.0009 


0.0066 

0.0034 

0.0024 
























TABLE 6. - COMPUTED PARAMETERS FOR X = 0.508 - Concluded 


p ag = 268 p w = 18.2 X 10-“ p g = 12.6 X 10" 4 T 0 = 882 T w = 36\ T e = 6.40 

Re 

u e = 3018 M e = 202 p =9.58xl0- 3 — =1.71X10 3 6=2.41 

e e m 

■^= 0.500 -f-= 0.00809 0.0157 R„ = 3337 

0 0 0 ° 


y 

6 

p 0 2 

To 

T Oe 

u 

p 

1 Tq - T\ v 

T 

M 

P °ie 

ue 

To e ~ Tw 

Te 

M e 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0 

0.9988 

0.9474 

1.0213 

0.9946 

0.9972 

1.0269 

0.9908 

1.0 

0.9978 

0.9053 

1.0284 

0.9886 

0.9942 

1 .0404 

0.9806 

1.0 

0.9923 

0.8421 

1.0000 

0.9829 

0.9911 

1.0179 

0.9711 

LI | 

0.9656 

0.7368 

0.8723 

0.9717 

0.9847 

0.8995 

0.9521 

L2 

0.8828 

0.6316 

0.6631 

0.9602 

0.9772 

0.6941 

0.9326 

1.7 

0.7539 

0.5263 

0.4716 1 

0.9508 

0.9696 

0.5011 

0.9168 

2.4 

0.6233 

0.4211 

0.3262 

0.9426 

0.9609 

0.3526 

0.9028 

3.6 

0.5084 

0.3158 

0.1879 

0.9363 , 

0.9472 

0.2086 

0.8921 

6.3 

0.3785 

0.2632 

0.1305 1 

0.9335 

0.9352 1 

0.1482 

0.8874 1 

9.0 1 

0.3122 

0.2105 

0.0621 1 

0.9231 

0.8944 

0.0764 

0.8699 

17.8 

0.2125 

0.1579 

0.0259 I 

0.8868 

0.7971 

0.0391 

0.8084 

35.3 

0.1344 

0.1053 

0.0058 | 

0.8063 

0.4986 

0.0182 

0.6723 

11 A 

0.0568 

0.0000 

0.0024 

0.4060 

0.0094 

0.0259 

-0.0053 

56.0 

0.0013 
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TABLE 7. - COMPUTED PARAMETERS FOR X = 1.067 


p Qe = 65 3 p w = 1 .45 X I O' 4 p e = 0.682 X 10- 4 T 0 = 500 7 \v = 315 T e = 2.01 

u e = 2276 A/e = 27 3 p^ = 1.65 X 10‘ 3 4.59 X 10 6 6 = 7.98 

= 0 587 4 = 0.00384 4 = 0 007 19 = 1440 

6 6 o ° 

2 Cyy 

C f = 3.62 X 10" 4 C w = 1.21 X 10" 4 — ~~= 0 683 -^- = 5.96 

J H Cf ^JRQ 


y 

6 

Po, 

To 

To e 

u 

w 

P 

*>e 

To - Tw 

T 

M 

M e 

Po, e 

To e - T w 

T e 

1 0000 

1.0000 

1 .0000 

1.0000 

1.0000 

1.0001 

1 0 

1.0000 

0.9395 

1.0319 

0.9973 

0.9986 

1.0348 

0.9928 

1.0 

0.9830 

0.8758 

0.9947 

0.9884 

0 9939 

1.0069 

0.9687 

1.1 

0.9344 

0.7962 

0.8848 

0.9792 

0 9888 

0.9048 

0.9437 

1.4 

0.8486 

0.7166 

0.741 1 

0.9705 

0.9836 

0.7658 

0 9202 

1.7 

0.7498 

0 6369 

0.5656 

0.9636 

0.9787 

0.5901 

0.9015 

2.4 

0.6338 

0 5573 

0,3989 

0.9650 

0.9769 

0.4175 

0.9053 

3.6 

0.5160 

0.4777 

0.2358 

0.9727 

0 9750 

0.2475 

0.9262 

6.4 

i 0.3852 

0.3981 

0.0754 

0.9923 

0.9557 

0.0818 

0.9790 

20.6 

02112 

0.3185 

0.0133 

1.0100 

0.8038 

0.0194 

1.0271 

1 91.2 

0.0844 

0.2389 

0.0062 

0.8785 

0.6061 

0.0146 

0.6710 

127.5 

0.0538 

0.1592 

0.0039 

0.7508 

0.4498 

0.0143 

0.3252 

136.6 

: 0.0386 

0.0796 

0 0027 

0 6595 

0.2954 

0.0143 

0.0783 

142.4 

. 0.0248 

0.0000 

0.0020 

0.6306 

0.0000 

0.0135 

0.0000 

156.9 

0.0000 


p Qe = 65 ^ = 1.45 X JO' 4 = 0.784 X JO -4 7^ = 933 7^ = 358 7> = 3.9 1 

/?e 

we = 3109 A/e = 26 4 p e = 9.79 X I0* 4 2.41 X 10 6 6 = 7.67 

-4=0 629 4= 0.00496 4 = 0 00909 = 9 1 6 

6 5 6 o 

2Cir Y4 

Cf = 3.80 X 10" 4 Cl/ =141X1 O' 4 — 7 ^- = 0.742 -fi- = 0.875 
f H ' c f V* 0 


1.0000 

0.9404 

0.8278 

0.7450 

0.6623 

0.5795 

0.4967 

0.4139 

0.3311 

0.2483 

0.1656 

0.0828 

0.0000 

1.0000 

1.0229 

0.9100 

0.7447 

0.5532 

0.3486 

0.1187 

0.0239 

0.0115 

0.0069 

0.0043 

0.0028 

0.0018 

1.0000 

0.9947 

0.9730 

0.9598 

0.9503 

0.9477 

0.9649 

0.9790 

0.7713 

0.6208 

0.5130 

0.4369 

0.3826 

1.0000 
0.9972 
0.9858 
0.9783 
0.9720 
0.9675 
0.9598 
0.8776 
0.6901 
0.5381 
0.4025 
0 2753 
0.0000 

1.0001 

1.0286 

0.9363 

0.7779 

0.5851 

0.3720 

0.1282 

0.0302 

0.0226 

0.0211 

0.0208 

0.0210 

0.0202 

1 .0000 
0.9914 
0.9562 
0.9347 
0.9194 
0.9152 
0.9430 
0.9660 
0.6288 
0.3847 
0.2096 
0.0861 
- 0.0019 

1.0 

1.0 

1.3 

1.6 

2.2 

3.7 

11.4 
50.7 

71.0 

79.5 

84.1 

86.4 

91.5 

1.0000 
0.9869 
0.8913 
0.7827 
0.6559 
0.5069 
0.2879 
0.1247 
0.0829 
0.061 1 
0.0444 
0.0300 
0.0000 

P 

Oe = l 0 ? .7 p w = 2 . 08 X 10 
ue = 1777 M e = 27 .3 
0.557 - 

0 

£ y = 2 . 33 x 10 * 4 c 

- 4 p e = 1 . 12 X 10- 4 r o = 305 T w - 299 7 >= 1.22 

p a = 4 . 50 X 10 ° — = 139 XJ 0 7 5 = 7 11 

e m 

~ = 0 00383 ~= 0.00745 R n = 3786 
5 6 u 

2C 

H = 0.866 X 10 ^ -^ = 0.746 -^- = 0 443 

f * d 


1 .0000 

1.0000 

1.0000 

1.0000 

1.0000 

1 .0000 

1.0 

0.9985 

0.9357 

1.0306 

0.9945 

0.9972 

1.0364 

0.7273 

1.0 

0.9871 

0.8571 

0.9799 

0.9872 

0.9933 

0.9931 

0 3636 

i.l 

0.9334 

0.8036 

0.9020 

0.9800 

0.9893 

0.9214 

- 0.0000 

1.3 

0.8779 

0.7143 

0.7454 

0.9709 

0.9840 

0.7696 

- 0.4545 

1.6 

0.7733 

0.6250 

0.5617 

0.9672 

0.9808 

0.5835 

- 0.6364 

2.3 

0.6516 

0.5357 

0.3885 

0.9672 

0.9784 

0.4054 

- 0.6364 

3.4 

0.5268 

0.4464 

0.2476 

0.9727 

0.9766 

0 2591 

- 0.3636 

5.7 

0.4094 

0.3571 

0.1479 

0 9927 

0.9779 

0.1540 

0.6364 

10.1 

0.3082 

0.2679 

0.0604 

1.0339 

0.9674 

0.0638 

2.6929 

25.5 

0.1917 

0.2232 

0.0189 

1.0548 

0.8804 

0.0235 

3.7369 

70.8 

1 0.1046 

0.1786 

0.0066 

1.0616 

0.7028 

0.0119 

4.0759 

142.6 

0.0589 

0.1339 

0.0042 

1.0408 

0.5805 

0.0099 

3.0358 

176.5 

0.0437 

0.0893 

0.0030 

1.0167 

0.4677 

0.0089 

1.8358 

200.0 

0.0331 

0.0000 

0.0017 

0.9891 

0.0061 

0.0075 

0.4545 

247.6 

0.0004 




TABLE 7. - COMPUTED PARAMETERS FOR X = 1 .067 - Continued 


P 0e = 


P w = 2.08 X I0- 1 p g =1.09X10-* T 0 = 4I8 T w = 301 T e = 

2080 M e = 27.5 p, = 3.23 X 10' 3 = 9.57 X |0‘ 5=7.11 

e m 

~= 0.567 -|- = 0.00408 -£- = 0.00780 /? 0 = 2767 

2Cir 

= 2.53 X 10 -4 C w - 0.967 X 10^ — = 0.765 -2L_ = 0.523 

n Cr . //?. 


y 

fo 2_ 

To 

u 

P 

5 * 

K 

i 

T 

M 

6 

P Oi e 


ite 

Pe 

To e ~ 7\v 

T e 

Me 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0 

0.9985 

0.9321 

1.0276 

0.9934 

0.9966 

1 .0346 

0.9763 

1.0 

0.9827 

0.8571 

0.9804 

0.9854 

0.9924 

0.9955 

0.9479 

1.1 

0.9307 

0.8036 

0.9029 

0.9774 

.0:9880 

0.9248 

0.9194 

1.3 

0.8747 

0.7143 

0.7311 

0.9721 

0.9845 

0.7540 

0.9005 ' 

1.7 

0.7614 

0.6250 

0.5503 

0.9694 

0.9818 

0.5706 

0.8910 

2.4 

0.6404 

0.5357 

0.3802 

0.9668 

0.9779 

0.3971 

0 8815 

3.6 

0.5169 

0.4464 

0.2413 

0.9673 

0.9735 

0.2541 

0.8833 

5.9 

0.4004 

0.3571 

0.1247 

0.9880 

0.9716 

0.1314 

0.9573 

12.0 

0.2800 

0.2679 

0.0196 

0.9965 

• 0.8610 

0.0255 

0.9874 

65.2 

0.1067 

0.2232 

0.0069 

0.9675 

0.6789 

0.0133 

0.8840 

128.4 

0.0599 

0.1786 

0.0048 

0.8959 

0.5738 

0.0122 

0.6291 

143.5 

j 0.0479 

0.0893 

0.0028 

0 7620 

0.3783 

0.0117 

0.1518 

156.5 

0.0302 

0.0000 

0.0017 

0.7194 

0.0052 

0.0105 

-0.0002 

181.7 

1 0.0004 


p 0f = 107.7 p„, = 2.08X 10- 1 p e = 1 .02 X 10"* T 0 = 

577 T w = Si: 

1 T e = 2.22 



we = 2444 A/e = 27.9 p e = 2.23X10- 3 -~-=6.42 6 =7.16 
0.578 4=0.00392 4=0.00737 R » = 1801 

5 o o 0 


Cy= 3.02 X 10- 4 C H = 1.161 X 10^ 


4= 0 792 -4-= 0.655 

Y ^0 


1.0000 

1.0000 

1.0000 

1 .0000 

1.0000 

1.0001 

1.0 

0.9985 

0.9113 

1.0382 

0.9956 

0.9977 

1.0430 

0.9906 

1.1 

0.9733 

0.8511 

0.9953 

0.9880 

0.9937 

1.0080 

0.9741 

1.2 

0.9266 

0.7979 

0.9123 

0.9818 

0.9902 

0.9303 

0.9607 

1.3 

0.8665 

0.7092 

0.7211 

0.9738 

0.9853 

0.7426 

0.9435 

1.8 

0.7424 

0.6206 

0.5233 

0.9702 

0.9818 

0.5425 

0.9357 

2.6 

0.61.10 

0.5319 

0 3451 

0.9678 

0.9775 

0.3607 

0.9306 

4.2 

0.4803 

0.4433 

0.1959 

0.9669 

0.9701 

0.2076 

0.9287 

7.7 

0.3509 

0.3546 

0.0662 

0.9720 

0.9423 

0.0739 

0.9396 

22.8 

0.1976 

0.2660 

0.0119 

0.9201 

0.7573 

0.0196 

0.8276 

90.8 

0.0796 

0.1773 

0.0050 

0.7295 

0.5172 

0.0155 

0.4168 

120.6 

0.0472 

0.0887 

0.0029 

0.6021 

0.3353 

0.0154 

*0.1422 

127.7 

0.0297 

0.0000 

0.0018 

0.5342 

0.0045 

0.0148 

-0.0042 

139.1 

0.0004 


p Oe =l09.8 p w = 204X 10* 4 0^=1.12X10* 7 o = 920 7^ = 328 7 e = 361 

/?e 

Me = 3087 A/e - 27.4 = 1.5 1 X 10' 3 — = 3.92 X10 6 5 = 7.24 

c m 

4 = 0-582 4= 0.00594 4=0 011 * = 1685 

6 6 5 9 



cy = 3.22 X 10- 4 c 

2 Q 

1.22 X 10- 4 —^- = 0.780 J*L = 0.671 


1.0000 

1.0000 

1.0000 

1.0000 

1.0001 

1 .0000 

1.0 

1.0000 

0.9298 

0.0353 

0.9940 

0.9969 

1.0417 

0.9908 

1.0 

0.9893 

0.8947 

1.0193 

0.9885 

0.9940 

1.0315 

0.9821 

1.1 

0.9685 

0.8421 

0.9636 

0.9787 

0.9889 

0.9853 

0.9670 

1.2 

0.9235 

0.7895 

0.8824 

0.9686 

0.9835 

0.9121 

0.9512 

1.3 

0.8672 

0.7368 

0.7904 

0.9586 

0.9780 

0.8262 

0.9357 

1.5 

0 8060 

0.6842 

0.6898 

0.9507 

0.9734 

0.7278 

0.9235 

1.8 

0.7399 

0.6316 

. 0.5754 

0.9439 

0.9691 

0.6124 

0.9129 

2.2 

0.6643 

0.5789 

0.4599 

0 9395 

0.9655 

.0.4929 

0.9061 

2.8 

0.5842 

0.5263 

0.3369 

0.9402 

0.9636 

0 3624 

0.9072 

3.9 

0.4921 

0 4737 

0.2139 

0.9418 

0.9595 

0.2318 

0.9096 

6.3 

0.3859 

0.4211 

0.1070 

0.9381 

0.9445 

0.1 193 

0.9039 

12.6 

0.2685 

0.3684 

0.0401 

0.8956 

0-8826 

0 0507 

0.8379 

30.6 

0.1612 

0.3158 

0.0190 

0.8224 

0-7848 

0.0299 

0.7241 

53.3 

0.1085 

0.2632 

0.0080 

0.6809 

0-6033 

0.0201 

0.5045 

81.3 

0.0676 

0.2105 

0.0050 

0.5669 

0-4726 

00191 

0.3274 

88.0 

0.0509 

0.1579 

0.0033 

0.4893 

0-3604 

0.0188 

0.2070 

92.0 

0.0379 

0.0702 

0.0022 

0.3943 

0.2231 

0 0204 

0.0594 

88.1 

0 0240 

0.0000 

0.0017 

0.3560 

0.0000 

0.0201 

0.0000 

90.9 

0.0000 
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TABLE 7. - COMPUTED PARAMETERS FOR X = 1.067 - Continued 



p 0e " m p 

v = 3.12 X 10- 4 p e = 1 39 X K)- 4 T a = 

534 7^ = 319 

T e = 1.85 



u e = 23S2 M e - 29.4 p e = 3.68X 10‘ 3 — = 

1 15 X 10 7 6 

= 6.96 




x= 0 - 531 

0 00465 

-y-= 0.00894 

R d = 3710 




c.- 

2.73 X 10- 4 

C H = 1.1 13 X 

2 Cu 

in* 4 n - 

0 842 ^ ~ 

0.479 



L f 

c f 

V * g 


y 

Po, 

To 

u 

p 

To ~ Tw 

T 

M 

6 

Po, e 

T o e 

u e 

Pe 

To e - Tw 

~T7 

M e 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1 .0000 

1.0 

1.0000 

0.9051 

1.0522 

0.9948 

0.9973 

, 1.0580 

0.9870 

1.1 

0.9704 

0.8212 

0.9888 

0.9865 

0.9928 

1.003 1 

0.9663 

1.2 

0.8998 

0.7299 

0.8246 

0.9761 

0.9869 

0.8465 

0.9404 

1.6 

0.7862 

0.6387 

0.6418 

0.9657 

0.9805 

0.6672 

0.9145 

2.2 

0.6659 

0.5474 

0.4664 

0.9570 

0.9743 

0.4910 

0.8929 

3.2 

0.5467 

0.4562 

0.3172 

0.9540 

0.9696 

0.3369 

0.8856 

5.0 

0.4352 

0.3650 

0.1679 

0.9605 

0 9640 

0.1801 

0.9016 

9.9 

0.3062 

0.2737 

0.0S60 

0.9747 

0.9347 

0.0633 

0.9370 

30.1 

0.1707 

0.1825 

0.0046 

0.9659 

0.5839 

0.0112 

0.9151 

• 180.9 

0.0435 

0.1369 

0.0030 

0.8826 

0.4354 

0.0104 

0.7077 

200.3 

0.0308 

0.0730 

0.0026 

0.7526 

0.3459 

0.0118 

0.3842 

182.9 

0.0256 

0.0000 

0.0018 

0.5963 

0.0000 

0.0130 

-0.0052 

172.2 

0.0000 


V =l89 P,v = 312 x 10-4 P e =lAS * 

10- 4 = 877 T w ~ 348 

T e = 3.09 



Ue = 3015 Me - 29.0 p' e = 2.33 X 10' 3 — = 

6 56 X10 6 6 

= 6.99 




8 * 

■L-= 0.562 

-|-= 0.00520 

0.00989 

R e = 2380 




n 

Or- 

3.01 X 10‘ 4 

2 Q 

C„= 1 .02 X 1 0^ = 0.690 0 594 

h C f V Rq 


1.0000 

1.0000 

1.0000 

1 0000 

1.0000 

1 .0000 j 

1.0 

1 .0000 

0.9600 

1.0217 

0.9946 

0.9972 

1.0274 

0.9911 

1.0 

0.9891 

0.9164 

1.0326 

0.9899 

0.9948 

1.0433 

0.9833 

1.1 

0.9721 

0.8182 

0.9457 

0.9786 

0.9887 

0.9672 

0.9646 

1.3 

0.8871 

0.7273 

0.7790 

0.9672 

0.9823 

0.8072 

0.9457 

1.6 

' 0.7733 

0.6364 

0.5942 

0.9583 

0.9765 

0.6228 

0.9310 

2.3 

0.6506 

0.5455 

0.4239 

0.9533 

0.9719 

0.4483 

0.9227 

3.4 

0.5307 

0.4545 

0.2609 

0.9534 

0.9675 

0.2782 

0.9228 

5.9 

0.4028 

0.3636 

0.1014 

0.9587 

0.9524 

0.1112 

0.9316 

15.6 

0.2432 

0.3182 

0.0471 

0.9523 

0.9174 

0.0552 

0.9210 

32.3 

0.1627 

0.2727 

0.0185 

0.9223 

0.8238 

0.0263 

0.8714 

69.9 

0.0993 

0.2455 

0.0112 

0.8516 

0.7251 

0.0200 

0.7541 

93.1 

0.0758 

0.1818 

0.0051 

0.7393 

0.5373 

0.0151 

0.5682 

128.3 

0.0478 

0.0909 

0.0024 

0.4928 

0.2641 

0.0170 

0.1598 

120.2 

0.0243 

0.0000 

0.0017 

0.3925 

0.0000 

0.0187 

-0.0063 

111.5 

1 0.0000 




TABLE 7. - COMPUTED PARAMETERS FOR X = 1.067 Concluded 


Poe = 270 p w = 3 86 x 10-4 p e - ! 86 x l0J> To - 502 • T w = 318 T e = 1 68 

Ue - 2281 Me = 29.9 p. = 5.40 X lO" 3 — = 1.74 X lO' 1 5=647 

e m 

-y-=0 528 -jj-- 0.00423 — 0.00820 R Q = 4756 


Cf= 2.03 X I0-* C w = 0.957 X I0" 1 1^1= 0.938 -£L = 0.439 

f H C f s/R$ 


y 

Po, 

To 

u 

P 

To - Tw 

T 

M 

6 

Po> e 

To e 

ue 

f>e 

Toe ~ Tw 

T e 

M e 

1 .0000 

1.0000 

1. 0000 

1.0000 

1.0000 

1 .0000 

1.0 

0.9984 

0.9608 

1.0432 

0.9978 

0.9989 

1.0456 

0.9940 

1.0 

0.9991 

0.9098 

1.0595 

0.9945 

0.9972 

1.0655 

0.9849 

1.0 

0.9814 

0.8824 

1.0486 

0.9923 

0.9960 

1.0571 

0.9789 

1.1 

0.9636 

0.7843 

0.9189 

0.9845 

0.9917 

0.9343 

0.9577 

1.3 

0.8627 

0.6863 

0.7270 

0.9768 

0.9869 

0.7462 

0.9366 

1.8 

0.7366 

0.5882 

0.5351 

0.9690 

0.9816 

0.5551 

0.9154 

2.6 

0.6084 

0.4902 

0.3676 

0.9613 

0.9752 

0.3861 

0.8943 

4.0 

0.4867 

0.3922 

0.2243 

0.9601 

0.9695 

0.2381 

0.8910 

7.0 

0.3677 

0.2941 

0.1216 

0.9671 

0.9618 

0.1309 

0.9100 

13.5 

0.2622 

0.2647 

0.0838 

0.9737 

0.9548 

0.0913 

0.9281 

19.6 

0.2155 

0.1961 

0.9157 

0.9262 

0.8098 

0.0229 

0.7985 

81.4 

0.0898 

0.1765 

0.0081 

0.9884 

0.7314 

0.0139 

0.9682 

135.9 

0.0627 

0.1471 

0.0042 

0.9351 

0.5721 

0.0106 

0.8226 

181 7 

0.0424 

0.0980 

0.0026 

. 0.7919 

0.4013 

0.0105 

0.4316 

188.4 

0.0292 

0.0000 

0.0016 

0.6338 

0.0000 

0.0109 

0.0000 

189.2 

0.0000 


Po e = 265 p, 

v = 3 85 x 10- 4 p e = 1 89 x 

KT 1 r Q = 876 T w = 339 

T e = 2.96 



i/ e = 30l3 M e = 29.6 p e - 3.09 X 

R p 

10' 3 — = 8.96X 10 6 6 

= 6.60 




ir = 0 557 

— =0.00484 

0.00924 

R d =2870 




c /= 

2.58 X 10- 4 

Cu= 1.02 X 10" 4 0.8)3 -^-=0 

" c f 'SKg 

552 


1. 0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0 

1.0000 

0.9615 

1.0328 

' 0.9972 

0.9986 

1.0358 

0.9954 

1.0 

0.9962 

0.9231 

1.0437 

0.9945 

0.9972 

1.0497 

0.9910 

i.O 

0.9825 

0.8654 

1.0164 

0.9900 

0.9948 

1.0271 

0.9838 

1.1 

0.9433 

0.7692 

0.8333 

* 0.9794 

0.9888- 

0.8522 

0.9663 

1 1.5 

0.8185 

0.6731 

0.6721 

0.9681 

0.9822 

0.6965 

0.9479 

2.0 

0.7067 

0.5769 

0.4836 

0.9575 

0.9752 

0.5082 

0.9306 

! 2.9 

0.5779 

0.4808 

0.3142 

0.9490 

0.9676 

0.3351 

0.9168 

4.7 

0.4501 

0.3846 

0.1656 

0.9498 

0.9599 

0.1791 

0.9181 

9.3 

0.3163 

0.3365 

0.0956 

0.9495 

0.9474 

0.1059 

0.9177 

16.3 

0.2364 

0.2885 

0.0415 

0.9460 

0.9098 

0.0495 

0.9120 

35.9 

0.1529 

0.2404 

0.0158 

0.9124 

0.8068 

0.0234 

0.8572 

78.2 

0.0919 

0.1923 

0.0071 ' 

0.7900 

0.6309 

0.0161 

0.6575 

116.6 

0.0588 

0.0962 

0.0027 

0.5130 

0.3278 

0.0165 

0.2057 

120.4 

0.0301 

0.0000 

0.0016 

. 0.3855 

0.0000 

0.0173 

-0.0021 

114.3 

0.0000 
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TABLE 8. - COMPUTED PARAMETERS FOR X = 1.625 


Po e = 669 

P w = 0.698 X 

10* 4 P e = 0.372 X 

io- 4 r 0 = 

515 r w = 301 

T e = 1.60 




2310 M e = 30.9 

P e = 1.13 X 

10' 

3 — = 3.78 X 10* 5 

m 

= 13.34 





8 * 

-r-= 0.563 

■j= 0.00434 

— 

r _ 

0.00820 i 

R e =2190 





9 

= 2.66 X IO" 4 

C H = 0.758 X 

io- 4 

2 C it 

".= 0.552 = 0.660 

c f '/Re 


y 

p o 2 


To 


u 



P 

To - Tw 


T 

M 

8 

P o>e 


T o e 


u e 



p e 

To e ~ Tw 


Te 

'M e 

1.0000 

1.0000 


1.0000 


1.0000 



1.0000 

1.0001 


1.0 

1.0000 

0.9714 

1.0192 


0.9931 


0.9965 



1.0263 

0.9834 


1.0 

0.9972 

0.9238 

1.0321 


0.9874 


0.9936 



1.0454 

0.9696 


1.0 

0.9837 

0.9048 

1.0244 


0.9852 


0.9925 



1.0399 

0.9643 


1.1 

0.9725 

0.8571 

0.9949 


0.9776 


0.9885 



1.0181 

0.9460 


1.1 

0.9405 

0.8095 

0.9462 


0.9701 


0.9846 



0.9760 

0.9280 


1.2 

0.9007 

0.7619 

0.8782 


0.9651 


0.9818 



0.9110 

0.9159 


1.3 

0.8527 

0.7143 

0.7987 


0.9602 


0.9790 



0.8332 

0.9041 


1.5 

0.7995 

0.6667 

0.7077 


0.9566 


0.9768 



0.7415 

0.8955 


1.8 

0.7403 

0.6190 

0.6077 


0.9565 


0.9762 



0.6375 

0.8953 


2.1 

0.6752 

0.5714 

0.5000 


0.9578 


0.9760 



0.5246 

0.8983 


2.6 

| 0.6031 

0.5238 

0.3846 


0.9593 


0.9753 



0.4040 

0.9019 


3.5 

0.5210 

0.4762 

0.2654 


0.9625 


0.9742 



0.2792 

0.9096 


5.3 

0.4265 

0.4286 

0.1278 


0.9682 


0.9678 



0.1360 

0.9235 


11.1 

0.2915 

0.3810 

0.0317 


0.9620 


0.9139 



0.0373 

0.9085 


41.6 

0.1423 

0.3333 

0.0133 


0.9026 


0.8076 



0.0197 

0.7654 


81.1 

0.0900 

0.2857 

0.0081 


0.8067 


0.6945 



0.0156 

0.5344 


104.7 

0.0681 

0.2381 

0.0056 


0.7385 


0.6032 



0.0139 

0.3702 


120.8 

0.0551 

0.1905 

0.0041 


0.6882 


0.5202 



0.0128 

0.2489 


134.5 

0.0450 

0.1429 

0.0030 


0.6520 


0.4375 



0.0119 

0.1617 


148.2 

0.0361 

0.0952 

0.0022 


0.6216 


0.3496 



0.0112 

0.0886 


160.6 

0.0277 

0.0476 

0.0017 


0.6003 


0.2323 



0.0105 

0.0372 


175.6 

0.0176 

0.0000 

0.0013 


0.5827 


0.0083 



0.0101 

-0.0052 


187.3 

0.0006 

P { 

o = 65.3 
°e 

Pv 

v = 0.698 X 

io- 

* p e = 0.379 X 

io- 4 r 0 = 

890 T w = 321 

T e = 2.11 



u e ~ 

3036 M e = 30.6 

p = 6.66 X IO" 4 — — = 1.99 X IO 6 8 
C m 

= 13.46 





6 * 

~~x~ = 0-593 

-|- = 0.00484 

- 


0.00885 Rg = 1296 





c r 

= 3.00 X IO" 4 

c 

jj — 1 .00 X 

IO- 4 

2 C it r/ 

" - 0.668 , ~ 0.839 

c f 'JRe 



1 .0000 

1.0000 


1.0000 

n 

1.0000 



1.0000 

1.0001 


1.0 

1.0000 

0.9434 

1 .0376 


0.9935 


0.9967 



1.0445 

0.9899 


1.0 

0.9952 

0.9057 

1.0439 


0.9881 


0.9939 



1.0566 

0.9814 


1.0 

0.9835 

0.8491 

1.0100 


0.9791 


0.9893 



1.0320 

0.9673 


1.1 

0.9467 

0.8019 

0.9436 


0.9704 


0.9847 



0.9731 

0.9537 


1.2 

0.8994 

0.7547 

0.8559 


0.9614 


0.9798 



0.8913 

0.9397 


1.4 

0.8423 

0.7075 

0.7531 


0.9528 


0.9751 



0.7920 

0.9262 


1.6 

0.7775 

0.6604 

0.6391 


0.9460 


0.9710 



0.6776 

0.9156 


1.9 

0.7050 

0.6132 

0.5125 


0.9422 


0.9682 



0.5465 

0.9096 


2.5 

0.6218 

0.5660 

0.3810 


0.9421 


0.9666 



0.4074 

0.9094 


3.4 

0.5281 

0.5189 

0.2387 


0.9421 


0.9631 



0.2570 

0.9094 


5.6 

0.4120 

0.4717 

0.0996 


0.9461 


0.9522 



0.1094 

0.9156 


13.6 

0.2621 

0.4245 

0.0326 


0.8911 


0.8823 



0.0412 

0.8296 


36.9 

0.1471 

0.3774 

0.0172 


0.7457 


0.7608 



0.0288 

0.6021 


54.2 

0.1047 

0.3302 

0.0107 


0.6548 


0.6632 



0.0231 

0.4598 


69.5 

0.0806 

0.2830 

0.0080 


0.5701 


0.5812 



0.0219 

0.3274 


75.0 

0.0680 

0.2358 

0.0058 


0.5104 


0.5057 



0.0205 

0.2340 


82.1 

0.0566 

0.1887 

0.0043 


0.4603 


0.4339 



0.0197 

0.1555 


87.6 

0.0470 

0.1415 

0.0032 


0.4221 


0.3632 



G.0189 

0.0958 


93.3 

| 0.0381 

0.0943 

0.0023 


0.3918 


0.2846 



0.0181 

0.0483 


99.9 

0.0288 

0.0472 

0.0017 


0.3699 


0.1873 



0.0172 

0.0140 


107.6 

0.0183 

0.0000 

0.0013 


03609 


0.0078 



0.0163 

0.0000 


115.9 

0.0007 




TABLE 8. - COMPUTED PARAMETERS FOR X = 1.625 - Continued 




= 107.3 

P 

w = 1.05X 

10- 4 P e = 0.432 X 

10- 4 T„ = 

= 495 T w = 306 T e = 1.36 




u e = 

2876 Me = 33. 1 

P e = 1.55 X 

10 

‘ 3 — - = 5.70 X 10 6 6 

12.57 







~~= 0.582 

-f-= 0.00390 ^ 

r _ 
8 

0.00739 

R g = 2800 






c f 

= 2.38 X IQ- 4 

c 

H = 0.797 X 10- 4 

2C r H ~ 0.650 ^ ~ 0.625 

c f V R e 


■y 



p o* 


To 


u 


P 

To ' T w 

T 

M 

6 



P °*e 


To e 


u e 


Pe 

To e - T w 

T e 

M e 

1.0000 



1.0000 


1.0000 


1.0000 


1.0000 

1.0001 

1.0 

1 .0000 

0.9798 



1.0311 


0.9950 


0.9975 


1.0363 

0.9869 

1.0 

1.0010 

0.9394 



1.0388 


0.9902 


0.9950 


1.0492 

0.9744 

1.0 

0.9775 

0.9091 



1.0295 


0.9868 


0.9932 


1.0436 

0.9655 

1.1 

0.9542 

0.8586 



0.9907 


0.9789 


0.9891 


1.0125 

0.9451 

1.2 

0.9073 

0.8081 



0.9255 


0.9726 


0.9857 


0.9524 

0.9286 

1.3 

0.8516 

0.7576 



0.8478 


0.9688 


0.9835 


0.8764 

0.9187 

1.5 

- 0.7929 

0.7071 



0.7360 


0.9655, 


0.9814 


0.7641 

0.9101 

1.9 

0.7196 

0.6566 



0.6196 


0.9624 


0.9791 


0.6460 

0.9019 

2.3 

0.6439 

0.6061 



0.5016 


0.9606 


0.9772 


0.5249 

0.8972 

3.0 

0.5657 

0.5556 



0.3866 


0.9612 


0.9761 


0.4055 

0.8989 

4.1 

0.4855 

0.5051 



0.2764 


0.9633 


0.9745 


0.2906 

0.9042 

5.9 

0.4016 

0.4545 



0.1733 


0.9670 


0.9710 


0.1833 

0.9139 

9.8 

0.3113 

0.4040 



0.0845 


0.9737 


0.9593 


0.0913 

0.9313 

20.4 

0.2127 

0.3535 



0.0320 


0.9822 


0.9180 


0.0373 

0.9537 

51.9 

0.1277 

0.3030 



0.0126 


0.9714 


0.8171 


0.0180 

0.9253 

111.8 

0.0775 

0.2525 



0.0066 


0.9064 


0.6819 


0.0129 

0.7559 

162.0 

0.0537 

0.2020 



0.0044 


0.7978 


0.5550 


0.0120 

0.4726 

179.5 

0.0415 

0.1515 



0.0032 


0.7176 


0.4503 


0.0118 

0.2634 

188.6 

0.0329 

0.1010 



0.0023 


0.6630 


0.3408 


0.0115 

0.1209 

200.2 

0.0241 

0.0505 



0.0018 


0.6290 


0.2050 


0.01 11 

0.0322 

214.8 

0.0140 

0.0000 



0.0015 


0.6155 


0.0099 


0.0109 

-0.0029 

225.2 

0.0007 


l 


= 107.6 

P 

tv = * 04 X 

10- 

p e = 0.47 1 X 

10- 4 To'- 

886 7\ v = 317 T e = 2.41 




u e - 

3032 Me = 32.5 

p e = 9.29 X 

10- 4 — =3.00X 10 6 5 

= 12.70 







X * 

—-=0.606 

-4-= 0.00440 - 

r _ 
8 

0.00808 

R e = 1680 






C r 

- o v i tv* 

c 

H = 0.931 X 10^ 

2 C u \4 

n — n {V1 - n 7QT 





C f 



c f 




1 .0000 

n 


1 .0000 


1.0000 


1.0000 


1.0000 

1 .0000 

1.0 

1 .0000 

0.9300 

i 


1.0252 


0.9925 


0.9961 


1.0332 

0.9883 

1.1 

0.9722 

0.9000 

i 


1.0148 


0.9892 


0.9944 


1.0262 

0.9833 

1.1 . 

0.9515 

0.8500 

i 


0.9600 


0.9824 


0.9908 


0.9778 

0.9727 

1.2 

0.9015 

0.8000 



0.8815 


0.9759 


0.9873 


0.9043 

0.9625 

1.4 

0.8425 

0.7500 



0.7881 


0.9676 


0.9827 


0.8159 

0.9497 

1.6 

0.7780 

0.7000 



0.681 5 


0.9604 


0.9786 


0.7115 

0.9384 

2.0 

0.7072 

0.6500 



0.5630 


0.9517 


0.9734 


0.5939 

0.9249 

2.5 

0.6289 

0.6000 



0.4370 


0.9453 


0.9689 


0.4652 

0.9149 

3.3 

0.5426 

0.5500 



0.3111 


0.9433 


0.9658 


0.3332 

0.9118 

4.7 

0.4487 

0.5000 



0.1970 


0.9452 


0.9624 


0.2123 

0.9148 

7.7 

0.3501 

0.4450 



0.1022 


0.9478 


0.9529 


0.1121 

0.9189 

15.2 

0.2468 

0.4000 

i 


0.0329 


0.9249 


0.8973 


0.0402 

0.8833 

43.8 

0.1371 

0.3500 



0.0163 


0.8241 


0.7903 


0.0253 

0.7265 

72.3 

0.0940 

0.3000 

i 


0.0096 


0.7074 


0.6700 


0.0202 

0.5450 

93.4 

0.0701 

0.2500 

i 


0.0068 


0.6036 


0.5687 


0.0193 

0.3836 

101.0 

0.0572 

0.2000 

i 


0.0049 


0.5215 


0.4745 


0.0189 

0.2559 

106.7 

0.0465 

0.1500 



0.0034 


0.4593 


0.3846 


0.0185 

0.1591 

112.0 

0.0368 

0. 1 000 



0.0025 


0.4103 


0.2972 


0.0184 

0.0830 

115.8 

0.0279 

0.0500 

1 


0.0018 


0.3751 


0.1989 


0.0182 

0.0283 

120.6 

0.0183 

0.0000 

J 


0.0014 


0.3570 


0.0058 


0.0176 

0.0000 

128.2 

0.0005 




TABLE 8. - COMPUTED PARAMETERS FOR X = 1.625 - Continued 



51 




TABLE 8. - COMPUTED PARAMETERS FOR X = 1.625 - Continued 


p Qe = 268 p w = 1 .88 X I O' 4 p e = 0.742 X 10- 7' 0 = 5I4 7\ v = 302 T e = 1.20 



u e = 2310 Me = 35.8 p g = 3.03 
—T~~ 0.521 4= 0.00411 

0 o 

Cy= 1.88 X 10^ C H = 0.794 X 

x io- 3 — = 

m 

4=0-00794 

2C„ 

10- 

C f 

1.23 X 10 7 5 

R 6 = 5582 

0.827 JL. = 

'J R e 

= 1 1 .04 
0.478 



Poi 

To 

u 

P 

To-T w 

r 

M 

5 

P °'e 

T o e 

ue 

Pe 

To e “ 7\v 

T e 

M e 

1.0000 

1.0000 

1.0000 1 

1.0000 

1.0000 

1 .0000 

1.0 

1.0000 

0.9425 

1.0729 

0.9946 

0.9973 

1 .0788 

0.9869 

1.0 

0.9929 

0.8736 

1.0979 

0.9892 

0.9945 

1.1101 

0.9739 

1.1 

0.9588 

0.8046 

1.0345 1 

0.9838 

0.9916 

1.0522 

0.9608 

1.2 

0.8920 

0.7471 

0.9290 | 

0.9773 

0.9880 

0.9515 j 

0.9452 

1.5 

0.8179 

0.6897 

0.8119 i 

0.9708 

0.9844 

0.8377 

0.9295 

1.8 

0.7414 

0.6322 

0.6737 

0.9665 

0.9816 

0.6990 

0.9191 

2.2 

0.6560 

0.5747 

0.5278 

0.9626 

0.9787 

0.5508 

0.9095 

3.0 

0.5649 

0.5172 

0.3954 

0.9620 

0.9769 

0.4139 

0.9082 

4.2 

0.4763 

0.4598 

0.2841 

0.9602 j 

0.9737 

0.2992 

0.9038 

6.1 

0.3938 

0.4023 

0.2015 

0.9602 

0.9703 

0.2136 

0.9038 

9.0 

0.3238 

0.3448 

0.1209 

0.9619 

0.9633 

0.1298 

0.9079 

15.5 

0.2450 

0.2874 

0.0512 

0.9665 

0.9400 

0.0575 

0.9191 

36.6 

0.1557 

0.2299 

0.0119 

0.9692 

0.8189 

0.0170 

0.9256 

129.2 

0.0722 

0.1724 

0.0045 

0.9170 

0.6254 

0.0101 

0.7993 

226.6 

0.0416 

0.1149 

0.0026 

0.7776 

0.4494 

0.0096 

0.4622 

247.9 

0.0286 

0.0575 

0.0017 

0.6425 i 

0.2684 

0.0100 

0.1356 

245.5 

0.0172 

0.0000 

0.0013 

0.5864 

0.0026 

0.0101 

0.0000 

252.3 

0.0002 

l 

»o e = 263 p *> 

= 1.87 X 10- 

p e = 0.794 X 10- 70 = 893 T W -3\A 

T e * 2.14 



n 

u e - 3277 A/ e = 35.l p =I.8IX10- 3 — =6.50X10 6 5 = 11.17 


-^•= 0.570 -|-= 0.00465 -j^= 0.00879 R„ = 3378 
6 8 5 V 


2C t/ 

C>=2.17X 10- 4 67, = 0.782 X 10" 4 —^-=0.721 -p— = 0.603 

J C f 


1.0000 

1.0000 

1.0000 

1 .0000 

1.0000 

1.0000 

1.0 

0.9983 

0.9205 

1.0422 

0.9913 

0.9955 

1.0515 

0.9866 

1.1 1 

0.9684 

0.8523 

0.9982 

0.9844 

0.9919 

1.0144 , 

0.9760 

1.2 

0.9106 

0.7955 

0.9101 

0.9818 

0.9904 

0.9278 

0.9719 

1.4 

0.8429 

0.7386 

0.8055 

0.9670 

0.9825 

0.8343 

0.9491 

1.7 

0.7701 

0.6818 

0.6917 

0.9602 

0.9786 

0.7221 

0.9386 

2.0 

0.6942 

0.6250 

0.5670 

0.9545 

0.9750 

0.5962 

0.9298 

2.6 

0.6122 

0.5682 

0.4404 

0.9513 

0.9722 

0.4656 

0.9248 

3.5 

0.5262 

0.5114 

0.3138 

0.9492 

0.9692 

0.3337 

0.9217 

5.1 

0.4337 

0.4545 

0.2128 

0.9492 

0.9658 

0.2278 

0.9216 

7.8 

0.3491 

0.3977 

0.1262 

0.9484 

0.9583 

0.1370 

0.9204 

13.5 

0.2629 

0.3409 

0.0494 

0.9244 

0.9202 

0.0578 

0.8834 

33.3 

0.1605 

0.2841 

0.0158 

0.8543 

0.8072 

0.0235 

0.7752 

85.4 

0.0880 

0.2273 

0.0071 

0.7392 

0.6485 

0.0156 

0.5977 

133.6 

0.0565 

0.1705 

0.0040 

0.6124 

0.4953 

0.0140 

0.4022 

153.8 

0.0402 

0.1136 

0.0026 

0.4782 

0.3518 

0.0151 

0.1950 

148.3 

0.0291 

0.0568 

0.0017 

0.4023 

0.2216 

0.0157 

0.0780 

147.7 

0.0184 

0.0000 

0.0013 

0.3517 

0.0000 

0.0164 

0.0000 

147.1 

0.0000 




TABLE 8. - COMPUTED PARAMETERS FOR X = 1.625 - Concluded 


p 0e = 108.2 p w = 0.395 X 1 O' 4 p g = 0.212X10" T 0 = 523 T w = 300 T e - 1.07 

Re 

u e = 2331 M e = 38.1 P e = 9.68 X 10" -~= 4.22 X 10 6 6 = 25.0 

-^=0.616 i-= 0.00196 -£=0.00368 R„ = 2074 
6 0 0 17 

2Cu IU 

Cf= 1.64X10" C w = 0.493 X 10" -721=0.609 -£-=0.835 1 

1 n Cf S /R d 

y 


To 

u 

P 

To - Tw 

T 

M 

5 


T 0e 

u e 

fi e 

To e ~Tw 

T e 

M e 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0001 

1.0 

0.9982 

0.9543 

1.0096 

0.9989 

0.9994 

1.0108 

0.9973 

1.0 

0.9838 

0.9036 

1.0144 

0.9944 

0.9971 

1.0202 

0.9869 

1.1 

0.9660 

0.8629 

0.9856 

0.9891 

0.9944 

0.9968 

0.9745 

1.1 

0.9371 

0.8122 

0.9067 

0.9842 

0.9918 

0.9218 

0.9629 

1.3 

0.8817 

0.7614 

0.7990 

0.9806 

0.9897 

0.8156 

0.9546 

1.5 

0.8125 

0.7107 

0.7392 

0.9800 

0.9893 

0.7553 

0.9532 

1.7 

0.7677 

0.6599 

0.5742 

0.9783 

0.9878 

0.5883 

0.9492 

2.2 

0.6650 

0.6091 

0.4402 

0.9798 

0.9878 

0.4510 

0.9528 

3.0 

0.5726 

0.5584 

0.3086 

0.9830 

0.9879 

0.3160 

0.9603 

4.4 

0.4717 

0.5076 

0.1986 

0.9860 

0.9867 

0.2037 

0.9672 

7.1 

0.3724 

0.4569 

0.0971 

0.9915 

0.9815 

0.1005 

0.9801 

14.8 

0.2563 

0.4061 

0.0301 

0.9984 

0.9517 

0.0329 

0.9962 

46.4 

0.1402 

0.3553 

0.0101 

0.9910 

0.8646 

0.0131 

0.9790 

120.3 

0.0791 

0.3046 

0.0063 

0.9328 

0.7748 

0.0099 

0.8426 

163.9 

0.0607 

0.2538 

0.0043 

0.8186 

0.6650 

0.0090 

0.5751 

185.2 

0.0490 

0.2030 

0.0030 

0.7238 

0.5598 

0.0085 

0.3530 

201.8 

0.0395 

0.1523 

0.0022 

0.6606 

0.4664 

0.0080 

0.2050 

217.7 

0.0317 

0.1015 

0.0015 

0.6209 

0.3543 

0.0074 

0.1121 

243.4 

0.0228 

0.0508 

0.0010 

0.5877 

0.1800 

0.0067 

0.0343 

272.7 

0.0109 

0.0000 

0.0009 

0.5730 

0.0036 

0.0067 

0.0000 

281.3 

0.0035 

l 

v =n°.2 f 

> w = 0.395 X 10" p g = 0.224 X 10" T 0 

= 967 T w = 300 T e = 1 .96 


Ue - 3 1 

61 M e = 37 .9 

p e = 5.57 X 

10" 4 — = 2.14 X 10 6 5 = 

m 

24.1 




= 0.604 ■—= 0.00280 - 

~ 0.00508 

R q = 1450 







2Cu 

M 




c r 

.90 X 10" C 

„ ~ 0.680 X 10- 4 — yr—- 0.7 1 5 , -0.975 


1.0000 

1.0000 

1.0001 

1.0000 

1 .0000 

1.0001 

1.0 

1.0000 

0.9474 

1.0028 

0.9975 

0.9987 

1.0055 

0.9963 

1.1 

0.9819 

0.8684 

0.9804 

0.9902 

0.9949 

0.9904 

0.9858 

1.1 

0.9439 

0.8421 

0.9580 

0.9880 

0.9938 

0.9700 

0.9827 

1.2 

0.9246 

0.7895 

0.8824 

0.9817 

0.9905 

0.8994 

0.9735 

1.3 

0.8718 

0.7368 

0.7675 

0.9758 

0.9872 

0.7874 

0.9649 

1.6 

0.7994 

0.6842 

0.6695 

0.9693 

0.9836 

0.6918 

0.9555 

1.9 

0.7344 

0.6316 

0.5210 

0.9645 

0.9806 

0.5417 

0.9485 

2.4 

0.6376 

0.5789 

0.3922 

0.9630 

0.9789 

0.4091 

0.9464 

3.3 

0.5446 

0.5263 

0.2570 

0.9596 

0.9751 

0.2700 

0.9414 

5.2 

0.4343 

0.4737 

0.1450 

0.9351 

0.9583 

0.1576 

0.9060 

9.2 

0.3213 

0.4211 

0.0329 

0.8667 

0.8914 

0.0410 

0.8067 

36.3 

0.1504 

0.3684 

0.0127 

0.7542 

0.7774 

0.0206 

0.6437 

74.5 

0.0916 

0.3158 

0.0080 

0.6386 

0.6719 

0.0170 

0.4761 

92.8 

0.0709 

0.2632 

0.0053 

0.5468 

0.5746 

0.0151 

0.3429 

107.2 

0.0564 

0.2105 

0.0041 

0.4760 

0.4997 

0.0148 

0.2403 

111.9 

0.0480 

0.1579 

0.0028 

0.4235 

0.4178 

0.0138 

0.1641 

123.0 

0.0383 

0.1053 

0.0018 

0.3787 

0.3224 

0.0128 

0.0992 

135.6 

0.0281 

0.0526 

0.0011 

0.3365 

0.2058 

0.0123 

0.0380 

145.1 

0.0174 

0.0000 

0.0008 

0.3102 

0.0000 

0.0115 

0.0000 

153.0 

0.0000 
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TABLE 9. - COMPUTED PARAMETERS FOR X = 2.793 


P 0g = 200 p w = 0.553 X I 0- 4 p g = 0.242 X 10- 4 r 0 = 498 T w = 297 F e = 0.83 

ti e = 2273 M e = 42.2 p =1.41 X 10‘ 3 — = 7. 1 1 X 1 0 6 6 = 21.3 

e m 

-£— = 0.600 -|-= 0.002 18 -£=0.00415 = 3308 


Ci -= 1.47 X 10 % = 0.418 X 10- 4 — rr —= 0.561 -21=0.730 

c / 




To 


u 

P 

To ~ Tw 

T 

M 

5 

P °'e 

To e 


He 

. p e 

To e - Tw 

Te 

M e 

1.0000 

1.0000 

1.0000 


1.0000 

1.0000 

1.0001 

1.0 

1 .0000 

0.9524 

1.0522 

0.9948 


0.9974 

1.0577 

0.9872 

. 1.0 

0.9958 

0.9107 

1.0665 

0.9912 


0.9955 

1.0760 

0.9781 

1.0 

0.9782 

0.8929 

1.0570 

0.9901 


0.9950 

1.0677 

0.9754 

1.1 

0.9640 

. 0.8333 

0.9905 

0.9814 


0.9905 

1.0096 

0.9539 

1.2 

0.9034 

0.7738 

0.8703 

0.9757 


0.9874 

0.8926 

0.9397 

1.5 

0.8213 

0.7143 

0.7278 

0.9738 


0.9861 

0.7484 

0.9350 

1.8 

0.7298 

0.6548 

0.5728 

0.9746 


0.9860 

0.5891 

0.9369 

2.5 

0.6300 

0.5952 

0.4146 

0.9768 


0.9861 

0.4261 

0.9425 

3. '6 

0.5223 

0.5357 

0.2769 

0.9804 


0.9862 

0.2845 

0.9513 

5.6 

0.4164 

0.4762 

0.1646 

0.9857 


0.9853 

0.1693 

0.9646 

9.9 

0.3135 

0.4167 

0.0658 

0.9964 


0.9773 

0.0686 

0.9912 

25.6 

0.1936 

0.3571 

0.0152 

1.0235 


0.9216 

0.0175 

1.0582 

104.8 

0.0903 

0.2976 

0.0063 

1.0276 


0.8173 

0.0089 

1.0685 

215.3 

0.0559 

0.2381 

0.0039 

0.9475 


0.7000 

0.0073 

0.8696 

273.5 

0.0425 

0.1786 

0.0026 

0.7678 


0.5462 

0.0074 

0.4237 

280.5 

0.0327 

0.1190 

0.0017 

0.6764 


0.4120 

0.0071 

0.1968 

302.6 

0.0238 

0.0595 

0.001 1 

0.6261 


0.2657 

0.0067 

0.0718 

331.6 

0.0146 

0.0000 

0.0009 

0.5971 


0.0094 

0.0064 

0.0000 

356.1 

0.0005 


p 0e = 201 p 

= 0.553 X I 0- 4 

vv 

p e = 0.244 X 10- 4 T 0 

= 958 7 \ v = 300 T e =\. 5S 


u e = 3154 M e = 42A 

p„ = 7.52 X 10^ — = 

t m 

3.34 X 10 6 5 

= 21.8 




* * 

-V= 0.632 

5 

= 0.00226 

-£=0.00410 

R Q = 1645 




c r 

1.79 X 10- 4 

C H 

= 0.576 X 

2 C LI JU 

10- 4 - 7 ^ = 0.658 - 7 — =1.030 

c f 


1.0000 

1.0000 

1.0000 


1.0000 

1.0000 

1.0001 

1.0 

1.0000 

0.9419 

1.0287 

0.9946 


0.9973 

1.0343 

0.9922 

1.1 

0.9788 

0.9070 

1.0159 

0.9904 


0.9951 

1.0260 

0.9860 

1.1 

0.9533 

0.8721 

0.9904 

0.9888 


0.9942 

1.0019 

0.9838 

1.2 

0.9232 

0.8140 

0.8917 

0.9858 


0.9925 

0.9051 

0.9793 

1.4 

0.8494 

0.7558 

0.7580 

0.9786 


0.9886 

0.7754 

0.9688 

1.7 

0.7608 

0.6977 

0.6146 

0.9761 


0.9869 

0.6309 

0.9652 

2.3 

0.6666 

0.6395 

. 0.4650 

0.9733 


0.9847 

0.4793 

0.9611 

3.1 

0.5649 

0.5814 

0.3121 

0.9732 


0.9832 

0.3226 

0.9610 

4.9 

0.4514 

0.5233 

0.1783 

0.9743 


0.9804 

0.1853 

0.9625 

8.9 

0.3332 

0.4651 

0.0777 

0.9847 


0.9754 

0.0814 

0.9778 

21.2 

0.2148 

0.4070 

0.0232 

0.9993 


0.9413 

0.0259 

0.9989 

69.6 

0.1145 

0.3488 

0.0109 

0.8730 


0.8223 

0.0156 

0.8151 

120.1 

0.0761 

0.2907 

0.0067 

0.7146 


0.6884 

0.0133 

0.5846 

146.5 

0.0577 

0.2326 

0.0044 

0.5850 


0.5668 

0.0127 

0.3960 

160.3 

0.0454 

0.1744 

0.0031 

0.4888 


0.4642 

0.0127 

0.2559 j 

166.0 

0.0365 

0.1163 

0.0019 

0.4181 


0.3475 

0.0121 

0.1530 

180.5 

0.0262 

0.0581 

0.0012 

0.3611 


0.2270 

0.0120 

0.0700 

187.8 

0.0168 

0.0000 

0.0009 

0.3132 


0.0021 

0.0123 

0.0000 

189.9 | 

0.0002 




TABLE 9. - COMPUTED PARAMETERS FOR X = 2.793 - Concluded 


Po e = 21 ° p w : 

0.658 X 10- 4 

p e = 0.25 1 X 1 O' 4 T 0 = 523 T w = 300 T e = 0.78 



u e = 2330 M e = 44.6 

p . = 1 .60 X 10- 3 — = 8 . 49 X 10 6 5 = 

H e m 

21.3 

* 


- 

^= 0.549 4 

= 0.00248 -j 

= 0 . 00476 ' R 

0=4412 


t 


2 Cri fyf 

C f ~ 1 .44 X 10" 4 Cu = 0.501 X 10" 4 - J —= 0.696 -££-= 0.672 

f H C f y/R e 

T 

y 

Po> 

To 

u 

P 

To - Tw 

T 

M 

5 

Po> e 

T o e 

ue 

■ Pe 

To e ~ 7\v 

Te 

M e 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0001 

1.0 

1.0000 

0.9286 

1.1033 

0.9935 

0.9967 

1.1106 

0.9847 

1.0 

0.9943 

0.8690 

1.1292 

0.9888 

0.9943 

• 1.1421 

0.9737 

1.1 

0.9649 

0.8333 

1.1144 

0.9822 

0.9910 

1.1348 

0.9584 

1.1 

0.9364 

0.7738 

1.0037 

0.9789 

0.9891 

1.0259 

0.9505 

1.3 

0.8567 

0.7143 

0.8413 

0.9761 

0.9874 

0.8628 

0.9440 

1.7 

0.7580 

0.6548 

0.6863 

0.9745 

0.9862 

0.7055 

0.9402 

2.2 

0.6630 

0.5952 

0.5240 

0.9743 

0.9854 

0.5394 

0.9397 

3.1 

0.5621 

0.5357 

0.3616 

0.9755 

0.9848 

0.3726 

0.9427 

4.7 

0.4539 

0.4762 

0.2325 

0.9781 

0.9838 

0.2399 

0.9486 

7.8 

0.3542 

0.4167 

0.1365 
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TABLE 10. - COMPUTED PARAMETERS FOR X = 3.56 
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TABLE 10. - COMPUTED PARAMETERS FOR X = 3.56 - Concluded 
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Figure 1 Schematic of the M— 50 nozzle 
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Figure 4.- Schematic of the heat-transfer gage. 
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Figure 7.- Schematic of coupling between the inviscid and viscous density variations. 





♦ x = 0.508 
■ x = 1.067 

♦ x = 1 .625 Present data 
▲ x = 2.793 

t x = 3.56 
fc Fischer eta!. 8 

O Fiore 30 
□ Jones 8 Feller 27 

A Harvey 8 Clark (unpub.) Nit. 
Q Scaggs 48 
O Speaker 8 Ailman 49 
^ Creel (unpub.) Nit. 

O Coles 31 flat plate 

♦ Wagner etal. 50 wedge 
C ) Cary (unpub.) flat plate 

A Maddalon 8 Henderson 45 cone 

Solid symbols - Helium 
Open symbols -Air 


Nozzle wall data 



Figure 9.- Variations in wall pressure ratio with edge Mach number 
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(a) Velocity profile. 

Figure 1 1.— Typical velocity and density profiles; a- = 2.793 m ,p Q = 201 atm, T a = 958° K 
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(a) Total temperature ratio. 

Figure 1 2.— Variations in stagnation-temperature and pitot-pressure profiles with wall temperature; 

p 0 = 108 atm ,Me = 27, x = 1.067 m. 
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(b) Pitot-pressure ratio. 
Figure 1 2.— Concluded 




(a) Velocity.. 

Figure 13.— Variations in velocity, density, and Mach number profiles with wall temperati 

x = 1 .067 m. 
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Figure 14.- Variations in velocity-temperature profiles with wall temperature ratio ,M e = 21 ,x = 1.067 m 
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'■'igure 15.— Continued. " 
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Figure 1 5.— Concluded. 
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Figure 17.- Law of the wall correlation of present velocity measurements using wall values. 
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Figure 19.— Law of the wall correlation of present velocity measurements using Van Driest’s transformation. 
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Figure 21 Variations in sublayer thickness with M/y/Ra. 







(b) Heat transfer. 
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Figure 23.— Variations in skin friction and heat transfer with Mach number. 
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(b) Heat transfer. 
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Figure 23.- Concluded. 
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Figure 24.— Comparisons between measured and predicted skin friction. 






Figure 25.— Variation in Reynolds analogy factor. 









Figure 27.— Profile of heat-transfer fluctuations to cooled film probe. 
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Figure 29.— Temperature fluctuations through the boundary layer; jW = 38.1, 

T 0e = 500° K. 
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